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Abstract 
After carbon dioxide (CO2) and methane (CH4), nitrous oxide (N2O), is the third most 
important greenhouse gas (GHG) in the atmosphere. Nitrous oxide contributes to the 
greenhouse gas effect as well as to ozone depletion. The major portion of anthropogenic N2O 
emissions are stimulated by the use of nitrogen fertilizers in agriculture. The main processes 
for N2O production in soils are nitrification and denitrification. Various environmental and 
management factors such as precipitation, soil type, tillage, and crop residues affect these 
processes. 
N2O emissions can occur substantially in the post-harvest period. In Germany, approximately 
50 % of the annual N2O emissions can occur during winter. This exhibits the importance and 
necessity of annual data sets which prevent misinterpretations instigated by investigations 
limited to the vegetation period. 
Winter oilseed rape (Brassica napus L.; OSR) is the most important raw material for biodiesel 
in Germany. As of 2018, the framework of the European Renewable Energy Directive 
requires that the use of biofuels achieve GHG savings of at least 50 % compared to fossil 
fuels. Feedstock production for biodiesel contributes more than half of the total GHG 
emissions. To close the nutrient cycle with renewable energy, digestate from biogas plants 
can be used as a substitute for mineral N fertilizer permitting the reduction of GHG emissions 
in the production process of synthetic fertilizers. When compared to other crops, OSR has a 
high N demand. The low N removal by the seeds results in inefficient use of nitrogen and 
therefore a high N surplus in the soil which is susceptible to gaseous or leaching losses to the 
environment. Another potential risk for N2O losses are crop residues after harvest. 
The type of soil cultivation can have both positive and negative implications on N2O 
emissions which depend, among other things, on tillage depth, soil type and moisture. Results 
from studies measuring N2O emissions from different tillage systems are contradicting and 
site dependent. 
This study aims to investigate the effect of (a) N fertilization (mineral and organic), (b) 
nitrification inhibitors, (c) crop residues and (d) tillage on direct N2O emissions and, inter 
alia, yield and soil nitrogen dynamics in OSR production. 
N2O emissions were monitored for three years over a range of N fertilization levels at five 
study sites chosen so as to best represent typical winter oilseed rape production in Germany. 
Furthermore, the effect of the nitrification inhibitor (NI) TZ+MP (1H-1,2,4-triazole and 3-
methylpyrazole) with digestate is investigated. Additional experiments for 15N labelled crop 
residues, nitrification inhibitor DMPP (3,4-dimethylepyrazole phosphate) with mineral 
fertilizer and soil tillage were implemented. 
A high spatial and temporal variability in N2O fluxes over all sites was observed. At each site, 
increased N2O fluxes were often detected after N fertilization in conjunction with rainfall 
events. During the first six weeks after harvest we frequently observed increased N2O fluxes 
following rainfall. In this postharvest period of winter oilseed rape, nitrate contents in the top 
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soil were generally elevated. There were no considerable N2O pulses observed during thawing 
of frozen soil. Winters were mild without any severe frost periods in all three surveyed years 
which could be a reason for the generally low N2O winter fluxes observed in this study. On 
all examined sites, increasing N fertilization significantly enhanced N2O flux rates. 
Data obtained during the study were used to augment an existing model, wherefrom a new 
emission factor for OSR can be calculated. Assuming a quantity of 200 kg N ha-1 the global 
fertilizer-related emission factor derived from the exponential model was 0.6 %. This factor 
is within the uncertainty range of the EF1 IPCC emission factor (0.3 % – 3.0 %), but about 
40 % lower than the 1 % IPCC default. 
The nitrification inhibitor (NI) TZ+MP combined with digestate mitigated the N2O fluxes 
significantly across all study sites and experimental years. As already noted in the fertilizer 
experiment, a high spatial and temporal variability in N2O fluxes over all sites was observed. 
The magnitudes of the N2O fluxes also showed similar trends. Over the entire investigation, 
the application of the NI significantly reduced annual N2O emission by a factor of three. 
During the fertilization period this mitigation effect was six times significant. This clearly 
emphasizes the importance of annual data sets to avoid overestimating NI effects. 
In field experiments with crop residues, increased N2O fluxes were measured immediately 
after 15N crop residue application in conjunction with precipitation. Between 50 – 68 % of the 
total N2O emission occurred during the post-harvest period, highlighting the importance of 
that period for N2O budgets in OSR production. However, crop residues or tillage did not 
affect total cumulative N2O emission. Only 4.2 % (conventional tillage) and 5.2 % (reduced 
tillage) of the N released as N2O during the investigated period stemmed directly from the 
applied OSR residues. The low contribution from crop residues on total N2O emissions 
presumably resulted from the large C/N-ratio (52) of the OSR residues. 
The study has indicated that with a moderate N fertilization (120 kg N ha-1) GHG saving goals 
can be reached with the same amount of OSR oil yield compared to higher N fertilization 
rates. In addition, NIs are an effective tool to mitigate N2O emissions from OSR, depending 
on site and year.
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Zusammenfassung 
Lachgas (N2O) ist nach Kohlendioxid (CO2) und Methan (CH4) das drittwichtigste 
klimawirksame Spurengas in der Atmosphäre. N2O ist am Treibhauseffekt, sowie am 
Ozonabbau beteiligt. Der größte Anteil der anthropogenen N2O-Emissionen wird durch die 
Landwirtschaft verursacht, hier hauptsächlich durch den Einsatz von Stickstoffdüngern. 
Stickstoff (N) in unterschiedlichen Verbindungen, ist das Ausgangssubstrat aller N2O-
bildenden Prozesse in Böden. Die wichtigsten Prozesse sind hierbei die Nitrifikation und die 
Denitrifikation. Verschiedene Steuergrößen wie beispielsweise die Niederschlagsintensität, 
Bodenart, Bodenbearbeitung, sowie Ernterückstände, beeinflussen die Größenordnung der 
gebildeten N2O-Emissionen. Die Bewirtschaftung beeinflusst jedoch nicht nur die Bildung 
von N2O während der Vegetationsperiode, sondern hat auch Auswirkungen auf die 
drauffolgenden Nachernteemissionen. In Deutschland können Winteremissionen bis zu 50 % 
der gesamten N2O-Jahresemission betragen. Dies macht deutlich, wie bedeutend ganzjährige 
Messkampagnen für eine aussagekräftige Klimawirksamkeit von Anbausystemen sind.  
Winterraps (Brassica napus L.) ist der wichtigste Rohstoff für die Biodieselproduktion in 
Deutschland. Die im Jahr 2009 von der Europäische Union verabschiedete Richtlinie für 
erneuerbare Energie (Renewable Energy Directive; RED, 2009), zählt zu den wichtigsten 
Nachhaltigkeitsbestimmungen rund um die Produktion von Biokraftstoffen. In dieser 
Richtlinie erfolgte unter anderem die Festlegung, dass Biodiesel ab 2018 gegenüber fossilen 
Brennstoffen ein Treibhausgasminderungspotential von mind. 50 % aufweisen muss. Mehr 
als die Hälfte der Treibhausgase in der Biodieselherstellung entstehen während der 
Rohstoffproduktion in der Landwirtschaft, N2O kann bis zu 88 % daran beteiligt sein 
(Hoefnagels et al., 2010). Winterraps ist im Vergleich zu anderen Kulturpflanzenarten durch 
einen hohen Stickstoffbedarf charakterisiert. Durch eine ungünstige N–Ausnutzung besteht 
überdies ein besonderes Risiko von Umweltbelastungen durch N–Austräge in die Umwelt. In 
der Literatur werden von Stickstoffüberschüssen bis zu 90 kg N ha-1 berichtet, welche ein 
hohes Potential für N2O–Emissionen, sowie Nitratauswaschung darstellen. Eine weitere 
potenzielle Quelle für Lachgasemissionen bilden die auf dem Feld zurück belassenen 
Ernterückstände.  
In dieser Studie wird der Einfluss der Stickstoffdüngung (mineralisch und organisch), 
Nitrifikationsinhibitoren (zu mineralischem und organischem N-Dünger), Ernterückständen 
und Bodenbearbeitung auf direkte N2O-Emissionen, Ertrag und der Bodenstickstoffdynamik 
im Rapsanbau untersucht. Über drei Jahre hinweg wurden in mindestens wöchentlichen 
Abständen an fünf verschiedenen Standorten in Deutschland N2O-Flussraten in Winterraps, 
so wie in den Folgekulturen Winterweizen und Wintergerste, gemessen. An den jeweiligen 
Standorten wurde ein Parzellenversuch mit einheitlichen Versuchsvarianten angelegt, an 
welchen der Einfluss von unterschiedlicher Stickstoffmenge als Mineraldünger auf annuelle 
N2O–Emissionen untersucht wurde. Zusätzlich wurden Untersuchungsvarianten zur 
organischen Düngung (Gärsubstrat) mit und ohne Nitrifikationshemmstoff (NI) angelegt. Am 
Zusammenfassung 
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Standort Hohenheim (Versuchsstation Ihinger Hof) wurden ergänzend Versuche mit 
Ernterückständen mittels 15N-Isotopentracer durchgeführt. Zudem wurde der Einfluss eines 
NI zur mineralischen Düngung und der Einfluss der Bodenbearbeitung auf N2O–Emissionen 
untersucht.  
Die N2O–Flussraten der Standorte zeigten über die Studie hinweg eine hohe räumliche und 
zeitliche Variabilität. Erhöhte Flüsse wurden häufig nach der Düngung in Zusammenhang mit 
Niederschlagsereignissen gemessen. Auch in den ersten sechs Wochen der Nachernteperiode 
wurden vielfach erhöhte N2O-Raten nach Niederschlag gemessen. Während dieses Zeitraums 
waren die Nitratgehalte des Oberbodens allgemein erhöht. Innerhalb der Projektlaufzeit 
wurden an keinem Standort nennenswerte Frost-Tau-induzierte N2O–Emissionen beobachtet. 
Allgemein waren die gemessenen N2O–Flussraten der gesamten Studie niedrig. Über alle 
Standorte hinweg konnte ein Effekt der Düngung nachgewiesen werden. Am Standort 
Merbitz (toniger Boden) wurden die höchsten, an den sandigen Standorten Berge und 
Dedelow die niedrigsten Flussraten gemessen. Eine Ausnahme stellte der Standort 
Hohenschulen, welcher trotz hohem Sandanteil, deutlich höhere N2O–Emissionen aufwies als 
die übrigen sandigen Standorte. Die erhobenen düngerinduzierten N2O-Emissionen wurden 
in ein bestehendes Modell (Walter et al. 2015) implementiert, wodurch ein neuer 
Emissionsfaktor für Winterraps berechnet werden konnte. Bei einer Düngermenge von 200 
kg N ha-1 ermittelte das Exponentialmodell einen düngerbezogenen Emissionsfaktor von 
0,6 %. Dieser Wert liegt innerhalb des Unsicherheitsbereichs (0,3 % – 3,0 %) des IPCC 
Emissionsfaktor EF1, liegt jedoch 40 % niedriger als der vom IPCC ausgegebene 
Standardwert von 1 %. 
Der Nitrifikationshemmstoff zeigte über alle Jahre und Standorte hinweg eine signifikante 
Minderung der N2O-Emissionen. Eine signifikante Minderung der annuellen N2O Emissionen 
aufgrund der NI Anwendung konnte lediglich dreimal während des untersuchten Zeitraums 
gemessen werden. Während der Düngeperiode waren die Emissionen gegenüber den 
Kontrollen ohne NI in sechs Fällen signifikant reduziert. Dieses Ergebnis unterstreicht die 
Bedeutung der annuell gemessenen N2O Emissionen, wodurch einer Überschätzung der 
Hemmstoffwirkung von NIs entgegengewirkt werden kann. Die Anwendung von NI am 
Ihinger Hof bei mineralischer Düngung führte nur im ersten Versuchsjahr zu der erwarteten 
Reduktion der N2O-Emissionen (17 %). 
Je nach Bodenbearbeitung verursachten die 15N-makierten Ernterückstände einen Anteil 
zwischen 4,2 (Pflug) und 5,2 (reduzierte Bodenbearbeitung) % an der annuellen N2O-
Emission. Zurückzuführen war dies auf den hohen C/N-Wert der Ernterückstände (52). In 
diesem Versuch wurden 50–68 % der gesamten N2O–Emissionen in der Nachernteperiode 
emittiert. Über den gesamten Messzeitraum hinweg hatten jedoch weder die Ernterückstände, 
noch die unterschiedliche Bodenbearbeitung einen signifikanten Einfluss auf die kumulativen 
N2O-Emissionen. Unterstrichen wurden diese Ergebnisse durch einen Mikrokosmenversuch 
mit Ernterückständen unterschiedlicher C/N–Qualität und Mengen. Auch hier wurden keine 
Unterschiede zwischen den kumulativen N2O-Emissionen gemessen. Tendenziell hatte die 
Zusammenfassung  
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unbehandelte Kontrolle die höchsten Emissionen. Von Rapsernterückständen ist somit keine 
signifikante Erhöhung der N2O-Emissionen zu erwarten. Auf Grund der hohen C/N–
Verhältnisse, kann es vielmehr zu einer Immobilisierung des verfügbaren N, resultierend in 
einer Hemmung der N2O Bildung kommen. Erhöhte N2O-Emissionen in der 
Nachernteperiode von Raps sind daher auf den hohen Stickstoffüberschuss, auf Grund der 
schlechten Stickstoffnutzungseffizienz von Raps zurückzuführen. 
 
Die Ergebnisse der Studie haben aufgezeigt, dass auch mit einer moderaten N–Düngung von 
120 kg ha-1 keine Einbußen im Rapsölertrag zu erwarten sind, jedoch N–Austräge in die 
Umwelt reduziert, und das gewünschte Treibhausgas–minderungspotential erreicht werden 
kann. Darüber hinaus konnte gezeigt werden, dass abhängig von Jahr und Standort, ein 
Nitrifikationshemmstoff effektiv N2O– Emissionen von Gärsubstrat reduzieren kann.    
 
 N2O emissions and mitigation strategies in winter oilseed rape cultivation 
11 
 
 General introduction 
Winter oilseed rape  
Winter oilseed rape (Brassica napus L., OSR) is the major oil crop in Europe. The production 
increased from 1993 to 2014 by 43.1 % (FAOSTAT, 2017). Rapeseed comprised 70 % of 
European oilseed production in 2012 (Carré & Pouzet, 2014). With 6.7 x 106 ha in 2014, OSR 
covered approximately 4 % of total utilised agricultural land area in EU-28 (FAOSTAT, 2017; 
EUROSTAT, 2017). The corresponding mean grain yield was 3.2 Mg ha-1. In 2015, the 
principal producers in the EU were France with 5.2 x 106 t and Germany with 5.0 x 106 t, 
followed by Poland and Great Britain (STATISTA, 2017). 
Rising demand for OSR was mainly a result of high consumption for biodiesel production, a 
consequence of the Renewable Energy Directive (RED, 2009), which aimed for a biofuel 
share of 10 % in transport energy demand. OSR oil is the most common feedstock for 
biodiesel, which is the major biofuel in Europe (Hamelinck et al., 2012). Also in Germany 
OSR is mainly used for biodiesel production. Beside used cooking oil (22 %), OSR covered 
70 % of biodiesel feedstock material. Palm and soybean oil play a minor role in Germany 
(FNR, 2017).  
In addition, the RED (2009) requires from 2018 a saving of associated greenhouse gas (GHG) 
emissions from biofuel by 50 % in comparison to fossil fuel. Feedstock production for 
biodiesel contributes between 74 and 90 % of total GHG emissions, whereas nitrous oxide 
(N2O) contributes between 44 and 88 % (Hoefnagels et al., 2010).  
Winter oilseed rape is known for a high N demand during its early growth stages. However, 
low N removal by harvested seeds results in low nitrogen use efficiency and high N surpluses, 
the latter being susceptible to gaseous or leaching losses into the environment (Rathke et al., 
2006). Maximum yields are often achieved with N rates exceeding 200 kg N ha-1 whereas N 
harvest index is low, thereby resulting in high N surpluses of up to 90 kg N ha-1 a-1 (Henke et 
al., 2007; Sieling & Kage, 2010). The challenges of OSR production as well as the 
environmental impacts are described in more detail in Chapter 4. 
In the last decade, the atmospheric N2O concentration increased by 0.73 ppb a-1. The mean 
concentration in 2015 was 328 ppb, about 21 % higher than in the pre-industrial period 
(WMO, 2016). N2O contributes 7.4 % (0.17 W m-2) to the total anthropogenic radiative forcing 
(IPCC, 2013) and participates in ozone layer depletion (Crutzen, 1981). N2O has a 265 times 
greater global warming potential than carbon dioxide in a 100-yr time horizon (Mhyre et al., 
2013). Approximately 40 % of total N2O emissions are anthropogenic. Agricultural soils 
provide the main part with 4.1 Tg N yr-1 (approx. 60 % of total anthropogenic emissions) 
(Table 1.1). The stratospheric sink minus cumulate sources gives a growth rate of 3.61 Tg 
N yr-1. Related to the total radiative forcing (7.4 %) mitigation of the OSR production 
emissions (N2O) seems negligible, but with regard to the demanded 
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mitigation of the GHG emissions caused by the feedstock production for biodiesel (50 %) – 
searching for mitigation strategies in OSR production gain in importance.  
In the last decades, two microbial processes in soil were mentioned as the major sources of 
N2O production: nitrification and denitrification (Bremner, 1997). But apart from these two 
processes, the share of further microbial and chemical N transformations such as nitrifier 
denitrification or chemical denitrification to the N2O release from agricultural soils are 
currently discussed (Shaw et al., 2006; Butterbach-Bahl et al., 2013). Today there are four 
microbial processes known, depending on definition. Denitrification and nitrate 
ammonification as nitrate or nitrite reducing processes as well as ammonia oxidation 
(nitrification) and nitrifier denitrification. The processes are shown in Figure 1.1.  
 
 
Tab. 1.1 : N2O sources of 2006/2011 (Clais et al., 2013). 
Anthropogenic sources N2O Tg N yr-1 range 
Fossil fuel combustion & industrial processes 0.7 0.2 – 1.8 
Agriculture 4.1 1.7 – 4.8 
Biomass and biofuel burning  0.7 0.2 – 1.0 
Human excreta 0.2 0.1 – 0.3 
Rivers, coastal zones 0.6 0.1 – 2.9 
Atmospheric deposition  0.6 0.1 – 0.9 
Surface sink -0.01  0 – -1 
Total anthropogenic sources 6.9 2.7 – 11.1 
Natural sources   
Soils under natural vegetation 6.6 3.3 – 9.0 
Oceans 3.8 1.8 – 9.4 
Lightning – – 
Atmospheric chemistry  0.6 0.3 – 1.2 
Total natural sources  11.0 5.4 – 19.6 
Total natural + anthropogenic sources 17.9 17.9 – 30.7 
Stratospheric sink 14.3 4.3 – 27.2 
 
 
 
Denitrification  
Denitrification (nitrate dissimilation) is the respiratory bacterial reduction of nitrate or nitrite 
to gaseous NO, N2O, or N2 (Bremner, 1997). It is generally accepted that denitrification is the 
main source for N2O in agricultural soil (Flessa et al., 1998; Dobbie & Smith, 2001; Khalil & 
Baggs, 2005).  
The pathway of denitrification is usually represented as follows: 
 
Complete process:    N(+5) O3- → N(+3) O2-  → N(+2) O → N20 
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Single steps: 
(1) Nitrate reductase  NO3- + 2 H+ + 2e- → NO2- + H2O 
(2) Nitrite reductase  NO2- + 2 H+ + e- → NO + H2O 
(3) Nitric oxide reductase 2 NO- + 2 H+ + 2e- → N2O + H2O 
(4) Nitrous oxide reductase N2O + 2 H+ + 2e- → N2 + H2O 
 
During denitrification, N2O is an obligate product and it is also possible to consume N2O 
(Firestone & Davidson, 1989). Denitrification is mainly anaerobic, basically performed by 
aerobic bacteria that have the capacity to reduce N oxides (NO3, NO2, NO, N2O) when O2 
becomes limiting (Bremner, 1997). The capacity to denitrify is widely spread among bacteria. 
Pseudomonas and Alcaligenes are the dominate species (Tiedje, 1988), but also some fungi 
and archaea can able to denitrify (Hayatsu et al., 2001). The main limiting factor for 
denitrification in mineral soils is the availability of organic material as electron donors for the 
reduction of nitrate. The proportion of N2O/N2 depends on the availability of reductants versus 
oxidants. N2O will be produced if the availability of reductants is not sufficient. Among 
others, it strongly depends on soil pH, nitrate concentration and O2 availability (Firestone & 
Davidson, 1989). Another pathway for N2O production is the so-called co-denitrification. 
Here, denitrifying organism can use one N atom from nitric oxide (NO) or N2O and combine 
it with an atom from another source, thus forming a hybrid product (Baggs, 2011). 
 
Nitrification  
Autotrophic nitrification (ammonia oxidation and nitrifier denitrification) is the oxidation of 
ammonium (NH4+) to nitrate (NO3-) by chemoautotrophic nitrifying bacteria (mainly by 
Nitrosomonas (reaction 1) and Nitrobacter (reaction 2)). This aerobic process is divided into 
two steps, 
 
(1) NH4+ + ⅔ O2 → NO2- + H2O + 2 H+ 
(2) NO2- + ½ O2 → NO3-  
 
whereby NO and N2O are intermediates (Figure 1.1). The NH4+ oxidizing bacteria only 
require CO2, O2 and NH4+ to proliferate. Beside the aforementioned aspects, limiting factors 
in soil include low pH, low water potential, phosphate availability, NO2- toxicity, and 
allelopathic compounds (Bremner, 1997). When oxygen supply is limited or soil moisture 
conditions are sub-optimal during nitrification, N2O is produced due to the process called 
nitrifier denitrification by autotrophic nitrifying bacteria (Wrage et al., 2004, Kool et al., 
2011). Another process, especially in acidic soils, is the heterotrophic nitrification of organic 
N (Stange et al., 2013) by heterotrophic bacteria and fungi. Because low pH the activity of 
autotrophic nitrifiers can be inhibit (Weber & Gainey, 1962).  
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Fig. 1.1: Soil microbial pathways to N2O production. LMW, low molecular weight; NO3-, nitrate; NO2-nitrite; 
NO, nitric oxide; NH3, ammonia; NH4+, ammonium (adapted from Baggs, 2011). 
 
Firestone & Davison (1989) described the result of all N2O production and consumption by 
microbial processes in a simplified “hole-in-the-pipe” model (Figure 1.2). The two processes 
nitrification and denitrification are visualized as pipes with holes. N2O production depends 
on the process rates, size of the leaks, as well as the diffusion and consumption of N2O in the 
interaction of the soil and the atmosphere. The rate of N2O production depends on enzymatic 
reactions, therefore many parameters like temperature, pH and water-filled pore space 
(WFPS) have a strong influence. The most important parameters are briefly discussed below.  
 
Soil mineral N content  
As substrates for nitrification and denitrification, soil ammonium and nitrate are 
inevitably associated with N2O production. In countless studies, the relationship between N-
input and direct N2O emissions has been shown (Bouwman, 1996; Flessa et al., 1998; Ruser 
et al., 2001; Bouwman et al., 2002; Walter et al., 2015). N input in soil comes mainly from 
fertilization, atmospheric deposition of N-rich residues and mineralisation. In the past, it was 
believed that there is a linear relationship between N input and direct N2O emissions, but 
recent studies show that increases in direct N2O emission are related by a nonlinear 
relationship to increasing N input. Direct N2O emissions increase abruptly at N input rates 
above plant uptake capacity (Kim et al., 2013). IPCC (2006) emission factors for fertilizers 
were calculated by the assumption of a linear relationship, although Kim et al. (2013) found 
a nonlinear relation. Further relationships between N and N2O emissions are discussed in 
subsequent chapters. 
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Water-Filled Pore Space (WFPS) 
N2O production is strongly related to the WFPS, it includes information about the impact of 
soil water on aeration in addition to information on water availability (Robertson & Groffman, 
2007). Depending on level, different microbial processes are predominant (Figure 1.3). 
Nevertheless, both nitrification and denitrification proceed simultaneously. It is well known 
that N2O emissions rapidly increase, particularly after fertilization, if the WFPS is above 60 % 
(Dobbie et al., 1999; Skiba & Ball, 2002; Batemann & Baggs, 2005; Ruser et al., 2006). 
Above 60 % WFPS, O2 availability is low and denitrification is the dominant process, but in 
soils with up to 60 % WFPS, nitrification can be a significant source for N2O emissions 
(Goreau et al., 1980; Linn & Doran, 1984; Abbasi & Adams, 2000). The WFPS has also an 
effect on the final product of the reduction processes. In waterlogged soils, nitrate completely 
reduces to N2. Granli & Bøckmann (1994), and Davidson (1992) found a relationship between 
WFPS and the formation of gaseous nitrogen (Figure 1.4). These threshold values can be 
variable with upward or downward shifts as shown in arable systems (Bouwman et al., 2002; 
Ruser et al., 2006). Extraordinarily high N2O pulses in arable land can be caused by rewetting 
events after a dry period (Ruser et al., 2006).  
 
 
 
Fig. 1.2: Hole-in-the-pipe model, according to Firestone & Davidson (1989; modified). 
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Fig.  1.3: N2O production depending on WFPS of autotrophic and heterotrophic nitrification and denitrification 
(Bateman & Baggs, 2005). 
 
 
 
 
 
Tillage effect 
Expected advantages of reduced tillage are the reduction of surface erosion by improving soil 
pore structure and stability (Oades, 1984) linked to increased water retention (Lampurlanés 
et al., 2001; Copec et al., 2015;) and C sequestration in the uppermost soil layer (Alvarez, 
2005). Studies about tillage effects on N2O emissions are contradictory. N2O emissions are 
often higher in reduced or no till systems compared to conventional tillage with plough 
Fig. 1.4: Relationship between water-filled pore space and net production of nitric oxide (NO), nitrous 
oxide (N2O) and dinitrogen (N2) (Davidson, 1992; modified). 
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practise as result of higher bulk density and water content, favouring conditions for 
denitrification (Arah et al., 1991; Ball et al., 1999; Rochette et al., 2008; Hénault et al., 2012; 
Abdalla et al., 2013). Lognoul et al. (2017) found 10 times larger emissions under a 7 year-
old reduced tillage system compared to a conventional tillage system. This result was 
attributed to higher total N and soil organic carbon (SOC), and a larger bacterial biomass in 
the uppermost soil layer, caused by limited digging and mixing of crop residues under reduced 
tillage. However, there are other studies which measured lower N2O emissions under reduced 
tillage (Mutegi et al., 2010; Koga, 2013; Wang & Dalal, 2015), or no differences between the 
treatments (Chatskikh et al., 2008; Abdalla et al., 2013; Negassa et al., 2015). In Europe 
reduced tillage is widespread due to its lower production costs and soil compaction (Holland, 
2004). Further relationships between tillage practise and N2O emissions are discussed in 
Chapter 7 and 9. 
 
Crop residues 
Global annual production of crop residues is approximately about 4 billion tons (Lal, 2005). 
Several studies reported high N2O emissions from soil amended with crop residues (Shan & 
Yan, 2013; Chen et al., 2013; Lehtinen et al., 2014). Impacts of crop residues on N2O 
emissions are shown in Figure 1.5. N2O emissions caused by crop residues are strongly related 
to the C/N–ratio of the residues as well as the current WFPS, soil pH and texture (Kaiser et 
al., 1998; Garcia-Ruiz & Baggs, 2007; Chen et al., 2013). For estimates of N2O emission, 
only the differences in N concentrations of residues are considered (IPCC, 2006). In a meta-
analysis, Chen et al. (2013) found positive effects on soil N2O emissions when C/N–ratios of 
crop residues were < 45, slightly positive effects for C/N–ratios of 45–100, and slightly 
negative effects for C/N–ratios >100. Turnover of crop residues by microorganisms can lead 
to oxygen depletion, which together with a high carbon availability can stimulate 
denitrification as one of the main processes for N2O production. Li et al. (2016) found 
denitrification as main source of N2O emission from residue-amended soils. Impact of OSR 
residues are discussed in detail in Chapter 7 and 8. 
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Fig. 1.5: Impacts of crop residue amendment on soil N2O emissions. IP1 represents a positive effect due to 
crop residue input enhanced nitrification; IP2, a negative effect due to microbial N assimilation (MBN) -
induced N limitation on nitrification; IP3, a positive effect due to energy supply for denitrification; P4, positive 
or negative effects depending on the relative abundance of electron donor and acceptor; and IP5, positive or 
negative effects depending on the level of soil anaerobicity (Chen et al., 2013). 
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 Overview of Chapters and Aims   
 N2O emissions from winter oilseed rape cultivation  
Hypotheses: The emission factor of winter oilseed rape cultivation is overestimated. 
With a moderate N fertilization sufficient yield can be reached with N2O emissions at 
a low level (Chapter 4) 
 
Winter oilseed rape (Brassica napus L.) is the major oil crop cultivated in Europe. Rapeseed 
oil is predominantly used for production of biodiesel. The European Renewable Energy 
Directive requires that use of biofuels achieves GHG savings of at least 50 % compared to 
use of fossil fuel starting in 2018. N2O field emissions are controlled by N fertilization and 
contribute up to 90 % to the GHG balance of winter oilseed rape cropping due to the high 
global warming potential of N2O. 
 
The main aims of this investigation were  
(i) to determine direct annual N2O emission from winter oilseed rape fields over a 
broad range of production sites in Germany, representing areas with a high 
proportion of winter oilseed rape within the crop rotations, thereby extending the 
currently available data for annual N2O emissions from winter oilseed rape fields 
substantially,  
(ii) to quantify the effect of N fertilization on N2O fluxes and on yield–related N2O 
emission, and  
(iii) to deduce a fertilizer–related emission factor (FRE) specific for the production of 
winter oilseed rape 
 
 N2O emissions affected by nitrification inhibitors   
Hypothesis: Nitrification inhibitors mitigate nitrous oxide emissions in conjunction 
with organic (digestate) and mineral fertilization  
 
Organic fertilization (Chapter 5) 
Up to 90 % of the GHG emissions from biodiesel production can occur during OSR 
cultivation. Therefore, mitigation strategies for GHG emissions in the field are required and 
need to focus on direct nitrous oxide (N2O) emission as one of the largest contributor. 
Substitution of synthetic N-fertilizers by digestates is currently under discussion due to the
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avoidance of GHG emissions during the production process of synthetic fertilizer. Due to the 
sparse information on the effect of NIs on trace gas fluxes from OSR after digestate 
fertilization, the aim of this trial was to determine effects of NI application  
(i) on N2O emissions and mineral N dynamics  
(ii) on grain and oil yield 
(iii) on yield related emissions after digestate application in OSR production. 
 
Mineral fertilization (Chapter 6) 
As mentioned in the Chapter before, NI`s can have many advantages on the environment. To 
investigate the effect in treatments with mineral fertilizer, the following investigation was 
conducted.  
 
The aim of the investigation was to determine the effect of the nitrification inhibitor DMPP 
(3,4–dimethylpyrazole phosphate) added to mineral fertilizer in oilseed rape production to 
evaluate  
(i) the mitigation effect on direct N2O emissions and  
(ii) the effect of DMPP on oilseed rape grain yield  
 
 Contribution of OSR crop residues on N2O emissions 
Hypothesis: Winter oilseed rape residues contribute substantially on annual nitrous 
oxide emissions 
 
Field study (Chapter 7) 
Leaving crop residues in the field has many positive environmental effects such as nutrient 
transfer over winter, carbon sequestration, and reduction of soil erosion (Chen et al., 2013). 
On the other hand, adverse effects as, i.e., increased N2O emissions after incorporation of 
crop residues were reported (Baggs et al., 2000; Chen et al., 2013). Mosier et al. (1998) 
estimated a global production of 0.4 million tons of N2O-N y–1 from crop residues. 
Winteremissions can account for 50 % of the annual N2O emissions if distinct frost/thaw 
cycles occur during this period (Kaiser & Ruser, 2000; Jungkunst et al., 2006). Kaiser et al. 
(1998) showed that N2O emissions during the winter season decreased with increasing C/N–
ratio of crop residues. 
The effect of OSR crops residues on N2O emissions during the post-harvest period have 
hardly been investigated, therefore the main hypotheses of this study were:  
(i) as a result of incomplete immobilization of mineral N after harvest, N2O emissions 
are stimulated through OSR crop residues which provide easily available C, which 
thus favour anaerobic conditions,  
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(ii) nevertheless, due to the high C/N–ratio of OSR residues, the emission factor 
derived from 15N labelling technique of crop residues is lower than the IPCC 
default of 1 %, and 
(iii) N2O fluxes from reduced tillage system are higher than from the conventional 
system after OSR crop residue application 
 
Incubation study (Chapter 8)  
As complement to Chapter 7 an incubation study was conducted to gather more information 
about the effect of OSR residues on N2O emissions. 
 
The aim of the study was to investigate  
(i) the effect of amount and quality of OSR residues on N2O emissions, and 
(ii) on NO3- losses 
 
 N2O emissions effected by tillage  
Hypothesis: Nitrous oxide emissions from a reduced tillage system are higher 
compared to conventional tillage (Chapter 9) 
 
Reduced Tillage (RT) is distinguished by the facts of eliminating soil inversion and reducing 
soil disturbance by a shallow machining depth combined with conserving and managing crop 
residues (Cunningham et al., 2004). RT can increase the C sequestration in the uppermost soil 
layer (Alvarez, 2005) and reduce soil erosion by an increased water retention (Lampurlanés 
et al., 2001; Copec et al., 2015) as a result of improved soil pore structure and stability (Oades, 
1984). The impact of RT on N2O emissions can differ, studies reported higher (Abdalla et al., 
2013; Lognoul et al., 2017), lower (Koga, 2013; Wang & Dalal, 2015) and similar N2O 
emissions (Abdalla et al., 2010; Negassa et al., 2015). 
 
This experiment investigated the effect of reduced tillage compared to conventional tillage on 
(i) direct N2O emissions, and the  
(ii) effect on OSR grain yield
N2O emissions and mitigation strategies in winter oilseed rape cultivation  
22 
 
 Materials and Methods 
In this joint project, all basic treatments (No.1-7, and 10-12) were established at all sites 
(Table 3.1). Additional treatments to obtain more information about tillage (No.8) and crop 
residues effects (No.13-16) as well as effect of nitrification inhibitor with mineral fertilizer 
(No. 9) were additionally established in Hohenheim (Ihinger Hof; IHO). The experiment in 
Hohenheim was conducted at the research station Ihinger Hof, located 22 km west of 
Stuttgart, Germany (N 48° 44’ 41’’; E 8° 55’ 26’’). Figure 3.1 shows the location of all sites 
of the joint project on the map of Germany. The exact location of the study site at Ihinger Hof 
is shown in Figure 3.2. All sites and their main soil characteristics are shown in Table 3.3, 
bulk density before and after tillage is described in Table 3.2. 
 
 
Fig. 3.1: Study sites of the joint project. Different grey intensity describes the percentage acreage of winter 
oilseed rape in German regions (i.m.a., 2005, modified). 
 
The greenhouse gas measurements were the main task of this study, including N2O, CO2 and 
CH4 flux determination. Due to technical problems, the use of CH4 data were unfortunately 
not possible. NH3 measurement campaigns were conducted during the fertilization period, 
these data will be used of another working group of the project and not included in this thesis. 
Beside the GHG measurements, different soil data were collected (water content, bulk 
density, Nmin content, and further chemical characteristics).
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Plant quality like i.e. oil content of the seeds, plant height, biomass production, BBCH and 
C- and N- concentrations in crop residues was also monitored. Weather data from nearby 
climate station were provided by the experimental farm (air temperature in 0.5, 1 and 2 m 
height, wind speed and direction, and precipitation).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2: Map of the research station Ihinger Hof; study site indicated by an arrow (provided by research station 
Ihinger Hof, 2017). 
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Tab. 3.1: Overview of the treatments in this study: site (all: all sites of the joint project; IHO: Ihinger Hof), 
GL: grassland, fertilizer (CAN: calcium ammonium nitrate; ASN: ammonium sulphate nitrate, level of N-
fertilizer, nitrification inhibitor (NI; DMPP: 3,4-dimethylpyrazole phosphate; TZ+MP: 1H-1,2,4-triazole and 
3-methylpyrazole) and catch crop type. 
 
 
At each site, a randomized split-plot experiment with four replicated blocks was established 
in 2012 (Figure 3.3). An example for one plot is shown in Figure 3.4. Crop rotation was 
identical over all sites. All crops of the rotation were cultivated as main plots in each of the 
four blocks described in detail in Chapter 4. These included: winter oilseed rape (var. 
‘Visby’), winter wheat (var. ‘Julius’), and winter barley (var. ‘Tenor’ in Bornim, var. 
‘Meridian’ in Hohenschulen and var. ‘Souleyka’ at all other sites). 
  
No Site Treatment N-fertilizer N-Amount NI 
Catch 
crop 
Chapter with further 
information 
1 all N1 - 0 - OSR 4 
2 all N2 CAN 60 no OSR 4 
3 all N3 CAN 120 no OSR 4 
4 all N4 CAN 180 no OSR 4;6;9 
5 all N5 CAN 240 no OSR 4 
6 all N6 Digestate 180 no OSR 5 
7 all N7 Digestate 180 TZ+MP OSR 5 
8 IHO RT CAN 180 no OSR 9 
9 IHO ENTEC ASN 180 DMPP OSR 6 
10 all N10 CAN 180 no WB 4 
11 all N11 CAN 180 no WW 4;5 
12 all GL - 0 - - - 
       
15N-experiment      
13 IHO CT +CR CAN 180 no WW 7 
14 IHO CT -CR CAN 180 no WW 7 
15 IHO RT +CR CAN 180 no WW 7 
16 IHO RT -CR CAN 180 no WW 7 
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Fig. 3.3: Randomized split-plot experiment at Ihinger Hof. A: Field plan 2012 with sampled treatments, plots 
on which gas emissions were measured are labelled with bold numbers. B: Field plan 2013, additional 
treatments in winter wheat to investigate the post-harvest effect of winter oilseed rape. 
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Fig. 3.4: Experimental plot constituting an undisturbed subplot for harvest to determine yield and a sampling 
subplot for gas measurement, soil sampling and biomass samples. 
 
 
Tab. 3.2: Mean (n = 4, ± SE) soil bulk density (0 – 30 cm depth)as affected by tillage during the investigation 
period. Soil was sampled from the same treatments where gas samples were taken.   
 
 
 
 
 
 
 
 
 
 01.08.13 16.12.13 31.07.14 26.02.15 18.08.15 
 before tillage after tillage before tillage after tillage before tillage 
   g m-3   
Treatment Mean SE Mean SE Mean SE Mean SE Mean SE 
N3 1.20 0.04 1.39 0.03 1.40 0.01 1.20 0.03 1.21 0.06 
N4 1.17 0.04 1.39 0.03 1.42 0.06 1.24 0.05 1.20 0.05 
N5 - - - - 1.34 0.05 1.27 0.07 1.11 0.05 
N6 1.22 0.02 1.38 0.05 1.33 0.08 1.21 0.05 1.27 0.08 
N7 1.20 0.03 1.33 0.09 1.38 0.05 1.26 0.03 1.21 0.10 
RT 1.23 0.01 1.46 0.03 1.40 0.04 1.31 0.04 1.27 0.03 
ENTEC 1.20 0.03 1.39 0.03 1.31 0.09 1.25 0.01 1.23 0.06 
N10 1.25 0.06 1.25 0.06 1.25 0.07 1.28 0.03 1.23 0.01 
N11 1.28 0.04 1.31 0.02 1.27 0.07 1.21 0.04 1.20 0.08 
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A B S T R A C T
Winter oilseed rape (Brassica napus L., WOSR) is the major oil crop cultivated in Europe. Rapeseed oil is pre-
dominantly used for production of biodiesel. The framework of the European Renewable Energy Directive re-
quires that use of biofuels achieves GHG savings of at least 50% compared to use of fossil fuel starting in 2018.
However, N2O ﬁeld emissions are estimated using emission factors that are not speciﬁc for the crop and asso-
ciated with strong uncertainty. N2O ﬁeld emissions are controlled by N fertilization and dominate the GHG
balance of WOSR cropping due to the high global warming potential of N2O. Thus, ﬁeld experiments were
conducted to increase the data basis and subsequently derive a new WOSR-speciﬁc emission factor.
N2O emissions and crop yields were monitored for three years over a range of N fertilization intensities at ﬁve
study sites representative of German WOSR production. N2O ﬂuxes exhibited the typical high spatial and
temporal variability in dependence on soil texture, weather and nitrogen availability. The annual N2O emissions
ranged between 0.24 kg and 5.48 kg N2O-N ha−1 a−1. N fertilization increased N2O emissions, particularly with
the highest N treatment (240 kg N ha−1). Oil yield increased up to a fertilizer amount of 120 kg N ha−1, higher
N-doses increased grain yield but decreased oil concentrations in the seeds. Consequently oil yield remained
constant at higher N fertilization. Since, yield-related emission also increased exponentially with N surpluses,
there is potential for reduction of the N fertilizer rate, which oﬀers perspectives for the mitigation of GHG
emissions.
Our measurements double the published data basis of annual N2O ﬂux measurements in WOSR. Based on this
extended dataset we modeled the relationship between N2O emissions and fertilizer N input using an exponential
model. The corresponding new N2O emission factor was 0.6% of applied fertilizer N for a common N fertilizer
amount under best management practice in WOSR production (200 kg N ha−1 a−1). This factor is substantially
lower than the linear IPCC Tier 1 factor (EF1) of 1.0% and other models that have been proposed.
1. Introduction
In the context of biofuel production especially nitrous oxide (N2O)
contributes to high GHG emissions during the step of biomass produc-
tion (Dufossé et al., 2013; Hong, 2012). N2O is a climate relevant trace
gas that absorbs light in the IR spectrum and therefore reduces the
atmospheric transparency to thermal radiation from the earth’s surface
(Granli and Bøckman, 1994). The atmospheric N2O concentration in the
last decade increased by 0.73 ppb a−1 and with a mean concentration
of 328 ppb in 2015 it exceeded the pre-industrial level by about 21%
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(WMO, 2016). N2O contributes 7.4% (0.17 W m−2) of the total an-
thropogenic radiative forcing (IPCC, 2013); it has a high heat adsorp-
tion capacity, a long atmospheric lifetime of more than 100 years and
has a 296 fold higher global warming potential (IPCC, 2001; RED,
2009) compared to the same mass of carbon dioxide (CO2). Besides its
contribution to the greenhouse eﬀect, N2O also contributes to strato-
spheric ozone depletion (Crutzen, 1981; Ravishankara et al., 2009).
Approximately 60% of anthropogenic N2O emissions are released by
agricultural soils (Clais et al., 2013). There is general agreement that
nitriﬁcation and biological denitriﬁcation are the main sources for N2O
production in soils (Bremner, 1997), whereas the contribution of other
processes such as nitriﬁer-denitriﬁcation is currently under discussion
(Wrage et al., 2001; Shaw et al., 2006; Butterbach-Bahl et al., 2013).
All processes of N2O production in soils rely on mineral N (i.e. Ruser
et al., 2001; Zebarth et al., 2008). Therefore, N2O emissions from
agricultural soils generally increase with increasing N fertilization as it
provides the substrates (NO3−, NH4+) for N2O production (i.e. Stehfest
and Bouwman, 2006). Furthermore, N2O emission is correlated with N
surpluses (N fertilization – N removal) in arable systems (Kaiser and
Ruser, 2001; Van Groenigen et al., 2004) as well as in horticultural
systems (Pfab et al., 2011).
Oilseed rape (Brassica napus L.) is the major oil crop in Europe,
accounting for more than 70% of the European oilseed volume in 2012
(Carré and Pouzet, 2014). In 2014, oilseed rape covered 9.1 × 106 ha
or approximately 8.5% of the total European arable land (FAO, 2016).
The corresponding mean grain yield was 3.17 Mg ha−1. In the same
year, the mean grain yield in Germany was 4.48 Mg ha−1 on
1.4 × 106 ha (German Federal Statistical Oﬃce, 2017), showing both
the high potential for winter oilseed rape (WOSR) cultivation as well as
the reason for Germany’s leading position (together with France) re-
garding WOSR production in the EU.
The acreage of WOSR in the European Union more than doubled
between 2003 and 2014 (FAO, 2016), which went along with the in-
crease of biodiesel contributing more than 75% of the transport biofuels
in Europe (Hamelinck et al., 2013). This increased production is also a
result of the Renewable Energy Directive (RED, 2009), in which the
European Union mandates a share of 10% from renewables in the
transport energy sector by 2020. The RED also deﬁned sustainability
criteria for biofuels, which were updated in 2015 (EU, 2015). According
to these criteria, biofuels can only be considered and consequently
subsidized as such if they contribute to a total reduction of greenhouse
gas emissions (GHG) of 35% (current reduction value) and, starting
from 2018, of 50% (for production plants that became operational
before October 2015) and by 60% (for new production plants) in
comparison to the use of fossil fuel.
WOSR is a crop demanding high amounts of N fertilizer to build up
eﬃcient photosynthetic leaf tissue (Hegewald et al., 2016). Maximum
yields are often achieved with N rates exceeding 200 kg N ha−1
whereas N removal with the seeds as well as the N harvest index are
low, thereby resulting in high N surpluses of up to 90 kg N ha−1 a−1
(Henke et al., 2007; Sieling and Kage, 2010). It has also been reported
that large amounts of crop residues (petals and leaves), which can be
mineralized easily, are returned to the soil after ﬂowering (Sieling and
Kage, 2010). Furthermore, N uptake by WOSR plants ends early and
increases in N content in seeds during pod ﬁlling is more the result of N
translocation from vegetative plant parts than from N uptake from soil
(Malagoli et al., 2005); both will result in enhanced soil mineral N
contents during or shortly after the harvest period. Winter wheat (Tri-
ticum aestivum L.) is the predominant succeeding crop for WOSR in
German crop rotations. The N uptake of winter wheat before winter is
approximately 20 kg N ha−1 and as such markedly below the N release
after WOSR cultivation (Sieling and Kage, 2010). Both, the N surpluses
as well as the high soil nitrate contents have the potential of fueling
N2O production in soils.
Due to the high global warming potential of N2O, the assessment of
N2O emissions with a reliable emission factor is of vital importance for
the calculation of GHG balances of biofuels, such as biodiesel produced
from WOSR. Results from life cycle analysis (LCA) suggest that direct
and indirect N2O emissions account for between 20 and 40% of the total
GHG emission associated with the production and consumption of
biodiesel (Hong, 2012; Dufossé et al., 2013). For a bioethanol produc-
tion system, the choice of diﬀerent available N2O emission factors in
LCAs might result in completely contrasting results and conclusions, as
Smith and Searchinger (2012) remarkably demonstrated. Following
IPCC guidance, they set the emission factor to 1.5% (including direct
and indirect emissions) and the corresponding emission reached the
35% GHG reduction goal. Using the distinct higher emission factor of
4%, as suggested by Crutzen et al. (2008), based on their so called “top-
down” approach, the reduction potential for wheat-based bioethanol
was completely eliminated.
In order to assess fertilizer-induced N2O emissions, diﬀerent N2O
emission factors have been proposed. The IPCC (2006) guidelines
suggest a constant direct N2O-N loss of 1% of N applied and N in crop
residues. This default emission factor was modiﬁed from a global data
set for wheat and grassland sites originally provided by Bouwman
(1996) and, as mentioned by Bouwman, does not consider crop type or
site-speciﬁc eﬀects. A further drawback of this emission factor is that
N2O emissions do not necessarily correlate linearly with N fertilizer
amounts and that N2O emissions increase over-proportionally when
high N fertilizer doses exceed plant demand (McSwiney and Robertson,
2005; Hoben et al., 2011; Kim et al., 2013).
The Joint Research Centre (JRC) of the EU provides an online tool
(the so-called Global Nitrous Oxide Calculator, GNOC) to assess GHG
emissions from biofuels in EU legislation (Edwards et al., 2013). This
tool calculates N2O emissions based on the approach of Stehfest and
Bouwman (2006). It uses an exponential algorithm that considers site
and management speciﬁc characteristics such as soil texture, climate,
soil organic matter, pH and vegetation. In this model, WOSR was ori-
ginally in the vegetation class “other” but the JRC recently moved it
into the same class as “cereals” without reﬁtting the model (Edwards
et al., 2016). This resulted in a calculative reduction of the N2O emis-
sions from WOSR.
The decision to move WOSR to the cereals group in the GNOC tool is
supported by Walter et al. (2015) who used data sets on N2O emissions
from WOSR ﬁelds to run a meta-analysis. They also used an exponential
model for fertilizer-derived N2O emission from WOSR, which resulted
in even lower N2O emissions than the GNOC tool.
In regions with strong frost-thaw cycles, high N2O ﬂuxes can occur
during thawing periods (Flessa et al., 1995; Röver et al., 1998). These high
thaw pulses can account for more than 50% of the annual N2O budget from
agricultural soils (Kaiser and Ruser, 2001; Jungkunst et al., 2006). Due to
these high N2O winter ﬂuxes, annual measurements are a prerequisite for
the reliable quantiﬁcation of N2O emissions. Consequently, the duration of
the period of trace gas measurements was a criterion for the inclusion
(measurements covering>300 days) or exclusion of data sets in the review
by Walter et al. (2015), and only 12 studies with 18 annual datasets (43
data points in total) fulﬁlled this criterion. Additionally, the small dataset
showed a high variability of the N2O emissions among study sites and also
among experimental years.
The main aims of our investigations were therefore: (i) to determine
direct annual N2O emission from WOSR ﬁelds over a broad range of pro-
duction sites, representing areas with a high proportion of WOSR within the
crop rotations, thereby extending the currently available data substantially,
(ii) to quantify the eﬀect of N fertilization on N2O ﬂuxes and on yield-
related N2O emission, and (iii) to deduce a fertilizer-related emission factor
(FRE) speciﬁc for the production of winter WOSR.
2. Materials and methods
2.1. Study sites, experimental design and management
Trace gas measurements were conducted at ﬁve study sites located
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in representative areas with a high share of WOSR in the crop rotation.
Three sites were located in (1) northern Germany representing ap-
proximately 55% of the total German WOSR production area
(Hohenschulen, University Kiel; Dedelow, ZALF Müncheberg; Berge,
ATB Potsdam-Bornim/Humboldt University Berlin), (2) one site in
central Germany (Merbitz, University Halle-Wittenberg) representing
30%, and (3) one site in southern Germany (Ihinger Hof, University
Hohenheim) representing 15% of the total German oilseed area. The
main characteristics of the study sites are shown in Table 1.
At each site, a randomized split-plot experiment with four replicated
blocks was established in 2012. The crop rotation was identical at all
sites. All crops of the rotation, winter oilseed rape (var. ‘Visby’), winter
wheat (var. ‘Julius’), and winter barley (Hordeum vulgare L., var. ‘Tenor’
in Berge and var. ‘Souleyka’ at all other sites), were cultivated as main
plots in each of the four blocks. Within the WOSR main plots, at least
seven diﬀerent treatments were included, whereas the main plots with
winter wheat and winter barley were managed according to best agri-
cultural management practices without any further diﬀerentiation
within the crop. Plot size varied slightly over the study sites due to
diﬀerent farming machinery; the minimum size was 3 × 9 m (27 m2).
WOSR was sown at all sites between end of August and the ﬁrst two
weeks in September (40–45 grains m−2, inter-row width was 0.36 m).
In early spring, 90 kg S ha−1 were applied as kieserite (MgSO4·H2O) to
avoid S deﬁciency in all WOSR treatments including the unfertilized
control. After harvest, in the period between mid-July and early August,
the soil was ploughed to a depth of 25 cm and winter wheat was sub-
sequently sown at the end of September or in early October. Crop
protection and further management measures were conducted ac-
cording to site-speciﬁc agricultural practice. At Berge WOSR straw was
removed after harvest whereas it remained on the ﬁeld at the other
study sites. This removed about 20 kg N ha−1 a−1 (2.8 Mg C ha−1 a−1,
C/N = 105) from the site Berge (median of all years and treatments).
The treatments of WOSR relevant for results described hereafter,
were an unfertilized control and treatments fertilized with 60, 120, 180,
or 240 kg N ha−1 a−1 for yield determination. Typical WOSR fertiliza-
tion targets in Germany are in the range from 180 kg ha−1 a−1 to
210 kg ha−1 a−1. The 180 kg N ha−1 a−1 fertilization treatment re-
presents a typical fertilization target value of 200 kg N subtracting Nmin
contents after winter (approximately 20 kg N ha−1). At all sites we
measured N2O ﬂuxes also in additional treatments such as biogas re-
sidue application or soil tillage variants. However, these will be dis-
cussed in subsequent publications. Trace gas ﬂuxes were measured in
every year and at every site in the 120 kg N ha−1 and in the
180 kg N ha−1 treatment and in some further N treatments (including
some of the unfertilized controls) in single years (Table 2). N
fertilization to WOSR was split into two equal doses with a ﬁrst ap-
plication at the beginning of the growing season and the second ap-
plication in BBCH-stage 5 (inﬂorescence emergence, Meier, 2001) ap-
proximately four weeks after the ﬁrst N application. We used calcium
ammonium nitrate (CAN) for all N applications.
2.2. Flux measurements
Using the closed chamber method (Hutchinson and Mosier, 1981),
ﬂux measurements were conducted at least once a week starting in
January or February 2013 and ending in December 2015. Chambers
were placed between the seed rows of WOSR, but included the plants
for measurements in cereals. In order to place the chambers between
the plant rows, the chambers’ dimensions were 71 cm length, 27 cm
width and 10 cm height. Chamber material was white opaque PVC (PS-
plastic, Eching, Germany). They were equipped with rubber sealing, a
pressure vent and a ventilator. For measurements, the chambers were
anchored on their frames using elastic straps. The frame height was
Table 1
Meteorological, soil chemical and physical characteristics of the study sites.
Study site Coordinates MAP MAT Soil type Soil texture§ pH§ Corg§ Nt§
2013/2014/2015 2013/2014/2015 (IUSS, 2015$)
[mm a−1] [°C] Clay [%] Silt [%] Sand [%] 0.01M CaCl2 [%] [%]
Berge N 52°37′0′’ 503 8.7 Luvisol 5.7 19.9 74.4 6.5 1.15 0.09
E 12°46′60′’ 615/482/570 9.4/13.0/10.6
Dedelow N 53°21′57′’ 485 8.4 Luvisol 10.0 30.9 59.1 7.4 0.75 0.10
E 13°49′38′’ 446/561/414 8.7/9.9/9.7
Ihinger Hof N 48°44′41′’ 688 8.3 Haplic Luvisol 3.2 78.2 18.6 6.8 1.68 0.20
E 8°55′26′’ 923/763/544 8.6/10.4/10.1
Hohenschulen N 54°18′48′’ 732 8.9 Haplic Luvisol/Anthrosol 10.5 29.4 60.1 5.9 1.87 0.12
E 9°59′36′’ 462/409/562 8.1/9.6/8.8
Merbitz N 51°36′58′’ 520 9.0 Haplic Chernosem 15.8 67.8 16.4 6.6 1.18 0.11
E 11°91′12′’ 700/456/429 9.1/10.7/10.4
MAP: Long-term mean annual precipitation and annual precipitation in the single experimental years; MAT: Long-term mean annual air temperature (2 m) and annual mean air
temperature in the single experimental years.
§ measured in the top soil (0–30 cm).
$ IUSS Working Group WRB (2015).
Table 2
Median of all measured N2O ﬂux rates as aﬀected by study site, experimental year (Exp.
Year) and N fertilization.
Study site Exp. year N fertilization [kg N ha−1 a−1]
0 120 180 240
N2O ﬂux [μg N2O-N m−2 h−1]
Berge 2013 – 2.2 1.3 –
2014 – 0.7 0.9 –
2015 – 1.9 1.1 1.3
2013–2015$ – 1.6 1.1 –
Dedelow 2013 – 2.4 2.9 –
2014 2.2 3.2 3.2 –
2015 1.9 2.9 2.6 3.0
2013–2015$ – 2.8 2.9 –
Ihinger Hof 2013 – 4.3 8.8 –
2014 – 5.3 5.3 8.9
2015 – 1.6 1.7 3.6
2013–2015$ – 3.7 5.3 –
Hohenschulen 2013 2.5 4.8 7.3 –
2014 3.0 5.2 6.3 –
2015 – 9.0 8.1 14.2
2013–2015$ – 6.3 7.3 –
Merbitz 2013 6.3 8.7 13.0 –
2014 4.7 14.2 12.5 –
2015 3.7 5.9 5.7 7.8
2013–2015$ 4.9 9.6 10.4 –
-not determined/not calculated.
$ Mean values (only given for treatments with 3 years of measurements).
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13 cm and they were installed in soil to a depth of 5 to 10 cm. During
ﬂux measurements, the chambers were kept closed for one hour; gas
samples were taken every 20 min using vacutainers or stopcock vials,
resulting in four gas samples per ﬂux measurement. Chamber tem-
perature was recorded for each gas sample. Gas samples were analyzed
for N2O and CO2 concentrations in the laboratories of the participating
research groups by various gas chromatographs equipped with electron
capture and ﬂame ionization detectors as well as automatic samplers.
Lab inter-comparability was veriﬁed by conducting blind inter-com-
parison measurements between the labs in the beginning of the study.
Each laboratory achieved a coeﬃcient of variance below 2% on ten
repeated measurements of an ambient N2O standard gas (data not
shown).
2.3. Environmental, soil, and plant analyzes
A climate station was installed next to the experimental plots at
each of the study sites. We measured precipitation and air temperature
(2 m and 5 cm height). Additionally, soil temperature in one of the four
replicated main plots was recorded in 5, 10, and 20 cm soil depth
(Logtacs, TRIX-8, CIK solutions, Karlsruhe, Germany).
Simultaneously to each gas sampling, soil samples were taken from
0 to 30 cm depth with an auger. The soil from three insertions per re-
plicate plot was pooled over the four replicates, sieved ( < 5 mm) and
stored frozen until further analysis. Additionally, in early spring and
after harvest of the WOSR Nmin was determined in 0–30, 30–60, and
60–90 cm depth. These soil samplings were carried out for each plot
separately.
For the quantiﬁcation of mineral N contents, 80 g of soil were ex-
tracted with 200 ml of a 0.0125 M CaCl2 solution. Concentrations of
NO3− and NH4+ in the extracts were determined using ﬂow-injection
analyzers. The analyzers used for that purpose were tested for com-
parability in an inter-laboratory test. A further aliquot of the soil was
used to determine soil moisture by drying at 105 °C for one day.
Before and after soil management events, bulk density of the top soil
was determined using stainless steel cylinders (100 ml).
Fresh matter yield was determined by cutting WOSR plants from
1 m2. The green cut was separated into straw and pods which were
ﬂailed subsequently. Moisture was determined after drying for three
days at 60 °C. Aliquots of the milled straw and grains were analyzed for
C and N using an elemental analyzer (vario Max CN, Elementar
Analysensysteme, Hanau, Germany). The oil content of the rapeseeds
was determined with NIRS (NIRSystem 5000, Foss, Hamburg,
Germany).
2.4. Calculations and statistical analyzes
2.4.1. Flux calculation
Molar gas concentrations were transformed into mass concentra-
tions according to the ideal gas law taking chamber temperature and
standard pressure into account. We used several criteria to select the
most appropriate ﬂux calculation model and to evaluate the reliability
of calculated ﬂuxes. The Akaike information criterion (AIC) was used to
decide between ﬂux calculation by the HMR model (Pedersen et al.,
2010) and robust linear regression (Huber, 1981). The HMR estimate
was used if its AIC value was smaller than the AIC from linear regres-
sion and if its kappa value, which controls the curvature, was smaller
than 20 h−1. Restricting kappa this way avoids strong overestimation of
ﬂuxes due to outliers of the ﬁrst concentration – time point, which can
result in an excellent ﬁt of the nonlinear model but extreme curvatures
and ﬂux estimates. A linear regression was applied if only three gas
samples were available for ﬂux determination.
The resulting gradients at time zero were multiplied with chamber
volume divided by chamber area to derive the ﬂux estimates. For this,
the height of the frame was determined after any changes, such as re-
installation after tillage measures. Snow was considered part of the soil
and not part of the chamber headspace.
We used the generally clear and signiﬁcant increase of CO2 con-
centration in closed chamber at temperatures above the freezing point
to check for accurate diﬀusive gas accumulation, which can be aﬀected
in particular by high wind speed and changing pressure conditions
(Hutchinson and Mosier, 1981; Hutchinson and Livingston, 2001).
Measured ﬂuxes were subjected to a rigorous quality check since many
diﬀerent people were involved in the comprehensive gas sampling
(about 60,000 gas samples were taken in the whole project during the
three experimental years) and occasionally diﬀerent anchoring of the
chambers could have resulted in small leakages at the rubber sealing.
Thus, the Pearson correlation coeﬃcient between CO2 concentration
and closing time was used as an indicator of the reliability of diﬀusive
gas accumulation. If the Pearson coeﬃcient of the CO2 ﬂux was smaller
than +0.85 and air temperature was above 0 °C, we rated the calcu-
lated diﬀusive ﬂux as considerably biased by other processes and the
corresponding ﬂux measurement was excluded from analyses.
Only a few measurements indicated exceptionally high N2O uptake
rates of more than 100 μg N m−2 h−1. These ﬂuxes, which were usually
associated with abnormally high initial N2O concentrations, were
considered unreliable given that negative diﬀusion gradients are lim-
ited due to low concentration in the atmosphere. Single N2O ﬂux esti-
mates with extraordinary high uncertainty, i.e., standard errors above
100 μg N m−2 h−1 (above 25 μg N m−2 h−1 for uptakes larger than
50 μg N m−2 h−1) were also rated as highly unsure and removed. The
90% quantile of all ﬂux standard errors was 11 μg N m−2 h−1 (median:
1.5 μg N m−2 h−1). Thus, the ﬂux detection limit was lower than ap-
proximately 2 * SE = 22 μg N m−2 h−1 for 90% of the ﬂux measure-
ments.
After these rigorous quality checks approximately 10,000 measured
N2O ﬂux rates were analyzed further for the results presented hereafter.
Only a very small number of sampling dates were completely lost
through the quality check but it resulted in some sampling dates with a
reduced number of replicates. Multiple imputation (Honaker et al.,
2011) was employed to ﬁll these gaps in plot speciﬁc N2O time series
for subsequent statistical analysis. Imputation was done between the
replicate N2O time series group-wise by sites, treatments and years. To
improve the performance of imputation, data of each group was
transformed as log(ﬂux−min(ﬂux) + 1). The number of multiple
imputations was set to 25 and linear time eﬀects were used to account
for autocorrelation. The imputed ﬂuxes were then transformed back
and cumulated ﬂuxes calculated by linear interpolation. Finally, the
median of the multiple imputations was calculated and used as cumu-
lated ﬂux estimate.
2.4.2. Cumulative N2O emissions and emission factor
For the calculation of annual N2O emissions we cumulated N2O
ﬂuxes between 1st January and 31st December for each experimental
year. We deﬁned this time period at the beginning of our investigations
based on the following expectations: except for the sowing, this period
covered all soil management and N fertilization measures of WOSR
cultivation as well as the time period with presumably increased soil
mineral N contents following WOSR harvest and under subsequent
winter wheat. Since there was no N fertilization in autumn, we did not
expect increased ﬂuxes after rapeseed sowing before winter.
Consequently, autumn and early winter ﬂuxes during WOSR cropping
were neglected for calculation of annual N2O emissions.
The FRE was derived by ﬁtting the model described by Walter et al.
(2015), which is based on the methodology in Stehfest and Bouwman
(2006), after including the data from this study in their dataset (12 sites
from the global meta-analysis of Walter et al. (2015) and ﬁve sites from
this study with three measurement years and up to ﬁve fertilization
rates per site). Brieﬂy, a linear mixed eﬀects model (R package lme4
version 1.1–12, Bates et al. (2015), R package lmerTest version 2.0-33,
Kuznetsova et al. (2016)) relating log10-transformed annual N2O ﬂuxes
to fertilizer N input was ﬁtted. The model included random intercepts
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for the site and year eﬀects and a random slope for the year eﬀect. The
log10-transformation accounts for the typical higher heterogeneity of
larger N2O ﬂuxes. As a result, the modeled relationship between N2O
ﬂuxes and fertilization rate is exponential and can be compared to
previous models by Walter et al. (2015) and Stehfest and Bouwman
(2006). Since the model is nonlinear, emission factors depend on the
amount of N fertilizer. We report the emission factor for an N fertili-
zation rate of 200 kg N ha−1 as this is the amount beyond which no
further yield increases are expected under best management practices
(Maidl and Limbrunner, 2008). This is also approximately the re-
commended and typical fertilization rate of WOSR production in Ger-
many. Following the methodology employed by the JRC (Edwards
et al., 2016) it was calculated as:
=
−EF E E
200
200 0
(1)
where E200 and E0 are emissions (kg N2O-N ha−1 a−1) predicted by the
model at 200 kg N and 0 kg N fertilization rate, respectively. Compared
to the ﬁtted exponential relationship, this linear emission factor ap-
proach slightly overestimates emissions from lower N fertilization and
underestimates emissions from higher N fertilization. However, these
deviations are small as long as the amount of N fertilizer applied does
not diﬀer too substantially from typical fertilization rates. In contrast to
the IPCC emission factor (EF1) but in accordance with Stehfest and
Bouwman (2006), the emission factor takes into account emissions from
crop residues indirectly since crop residue N was not included as N
input in the model.
2.4.3. Water-ﬁlled pore space
Water-ﬁlled pore space (WFPS) was calculated as described by
Ruser et al. (1998) using the bulk density measured in the top soil of the
study sites and assuming a particle density for the soil of 2.65 g cm−3.
2.4.4. N surplus and oil yield-related N2O emissions
N surplus was calculated by subtraction of N removed from the ﬁeld
by harvest (dry matter concentration of WOSR seed yield multiplied by
N concentration of the seeds) from the respective N fertilizer amount.
Oil yield–related N2O emissions for the respective fertilization treat-
ment were calculated by relating annual N2O emissions to the amount
of oil yield, which was the product of WOSR seed yield and oil con-
centration in the seeds. For the study site Berge, removal of the straw
was also taken into consideration.
A linear mixed eﬀects model of log10-transformed oil yield–related
N2O emissions was used to investigate diﬀerences between years and N
surplus. Year was included as a ﬁxed eﬀect and site as a random in-
tercept.
Finally, total GHG savings of biodiesel produced from the
180 kg N ha−1 WOSR treatment were calculated using the Biograce-I
(version 4d, www.biograce.net) excel tool.
2.4.5. Statistical analysis
For each site and for each year we separately ran a Kruskal Wallis
One Way Anova on Ranks to detect diﬀerences between the treatments
concerning oil yield-related emissions. Signiﬁcant diﬀerences were
determined using a pairwise multiple comparison procedure (Student-
Newman-Keuls, p < 0.05).
We calculated simple Spearman Rank Order Correlation Coeﬃcients
to test for a relationship between the N2O and CO2 release in the
postharvest period.
All other statistical analyses were conducted using the R language
and environment for statistical computing (version 3.3.2, R core, 2016).
Mixed-eﬀects models were ﬁtted using package lme4. Conﬁdence in-
tervals of parameters were estimated using parametric bootstrap.
Parameter p-values were derived using Satterthwaite's approximation
for degrees of freedom (Satterthwaite, 1946, R package lmerTest).
Relationships between nitrous oxide ﬂuxes and explaining variables
were investigated using Generalized Additive Models (GAM, R package
mgcv version 1.8–16, Wood, 2011), which can model non-linear re-
lationships such as the optimum curve typically observed for N2O
emissions vs. soil moisture.
3. Results and discussion
3.1. Meteorological conditions and seasonal N2O ﬂuxes
3.1.1. Meteorological conditions
Compared to the long-term mean air temperature at every single
site, the annual temperature was higher in all experimental years and,
except for Hohenschulen, at all study sites (Table 1). Highest annual air
temperatures were measured at all sites in the second year of our in-
vestigations (2014), followed by the third year (2015). Additionally,
considering annual precipitation, which was, depending on site, lowest
in the second or third year of measurements, it became obvious that the
climatic conditions during our experiment covered a year representing
or slightly exceeding long-term conditions (2013), a year with average
precipitation and higher temperatures and one year with rather drier
and warmer conditions.
3.1.2. N2O ﬂuxes during the growing season
Spatial and temporal variability of N2O ﬂuxes was very high
(Fig. 1). At all sites, increases of the N2O ﬂuxes were often detected
after N fertilization in conjunction with rainfall events. The highest N2O
ﬂux rate (670 μg N2O-N m−2 h−1) during the whole investigation
period in the treatment with 180 kg N ha−1 a−1 was measured at the
Merbitz study site following a heavy rainfall event (42 mm d−1) one
week after the second N fertilization in mid May 2013. Prior to this high
N2O pulse, precipitation after two weeks without rainfall had stimu-
lated N2O release after the ﬁrst N fertilizer application at the same site.
Although the magnitude of N2O ﬂux rates diﬀered between study
sites and years, we frequently observed short-term N2O pulses at all
study sites after heavy rainfall events throughout the whole growing
season as well as after rewetting of solidly dried soil in summer (Fig. 1).
Similar patterns of the N2O release from arable soils with increased
ﬂux rates after N fertilization and rainfall were often reported and ex-
plained with enhanced denitriﬁcation due to (i) an increased avail-
ability of nitrate as substrate for N2O production, and (ii) due to the
formation of anaerobic conditions as a result of lower gas diﬀusivity in
soil water and thus of a reduced O2 diﬀusion into the soil combined
with O2 consumption by soil microbes (Flessa et al., 1995; Corre et al.,
1996; MacKenzie et al., 1997).
During the ﬁrst six weeks postharvest we also frequently observed
increased N2O ﬂuxes following rainfall. Monthly ﬂuxes following har-
vest were often comparable or even exceeding ﬂuxes after N fertiliza-
tion (Fig. S1). In the post-harvest period we could not see any diﬀer-
entiating eﬀect on the N2O ﬂux rates, independent of whether the
WOSR residues were incorporated into the soil or remained on the
surface. Although we did not include WOSR residue incorporation or
surface application in our experimental design, we had study sites
where we measured increased N2O ﬂuxes after rainfall when the re-
sidues remained on the surface and also after later incorporation (i.e.
Dedelow 2014).
Nett et al. (2015) compared the eﬀect of the incorporation of N-rich
cauliﬂower residues on N2O ﬂuxes with a treatment where the residues
remained as mulch on the soil surface. They did not ﬁnd signiﬁcant
diﬀerences of the N2O release between these two treatments. Baggs
et al. (2003) and Escobar et al. (2010) even reported higher ﬂuxes when
legume crop residues remained on the soil surface instead of being in-
corporated.
In this postharvest period after WOSR, nitrate contents in the top
soil were generally elevated (Fig. S2). Mosier et al. (1983) reported a
threshold of 10 mg nitrate N kg−1 soil above which denitriﬁcation rates
were independent of the soil nitrate concentration. Nitrate-N
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concentrations in our study often reached this level immediately after
harvest. We therefore concluded that soil nitrate was not a limiting
factor for the denitrifying community after harvest and consequently
we assume that C availability and corresponding microbial activity and
oxygen consumption played a major role as the driver for postharvest
N2O release. This assumption was supported by the statistically highly
signiﬁcant and positive correlations between the N2O and CO2 ﬂux
rates in the time between harvest of WOSR and seeding of the suc-
ceeding winter wheat (Spearman rank correlation coeﬃcients calcu-
lated for each study site, all p values were<0.001, data not shown). It
was further supported by the lowest postharvest N2O ﬂux at the study
site Berge, the site with removal of the WOSR straw.
In case of the surface located WOSR residues this C must have been
leached from the crop residues during rainfall into the soil or solubi-
lized in regions of the residues with direct soil contact. An alternative
explanation could be N2O production directly from the decomposing
plant material (Flessa et al., 2002). Müller et al. (2003) compared the
turnover dynamics of diﬀerent plant residues for modeling purposes.
They measured a very low amount of water soluble C in rapeseed straw
(∼4% of the total C). However, using their algorithm suggested for the
relationship between easily available C and the C-to-N ratio we calcu-
lated that 36% of the total C in the residues of our treatment with
180 kg N ha−1 a−1 belonged to the easily decomposable pool.
In contrast to earlier investigations on N2O ﬂuxes from arable ﬁelds
or grassland in Germany (Flessa et al., 1995; Kammann et al., 1998;
Röver et al., 1998; Kaiser and Ruser, 2000; Ruser et al., 2001), we did
not observe considerable N2O pulses during thawing of frozen soil. We
assume that the mild winters in all three experimental years without
any severe frost periods were probably the main reason for the low N2O
ﬂux rates observed in our study. It was often shown that frost/thaw
induced N2O pulses increase with increasing duration of frost periods
and with severity of the soil freezing (Teepe et al., 2004; Wagner-Riddle
et al., 2007; Risk et al., 2013; Xu et al., 2016). Except for the ﬁrst two
weeks of our measurements in 2013, soil temperatures in 10 cm depth
did not drop below −2 °C for more than one week at all sites (not
shown) and hence the conditions during our ﬁeld experiment did not
enable distinct frost/thaw induced N2O pulses.
Over the whole data set, we could explain 27% of the variability of
the N2O ﬂux rates (in the treatment with 180 kg N ha−1 a−1) with the
generalized additive model (Table S1). All smooth terms with a statis-
tically signiﬁcant contribution to the model results were recorded at the
study sites Merbitz, Ihinger Hof, and Hohenschulen, whereas we did not
ﬁnd signiﬁcant correlations between the smooth terms and the log10-
transformed N2O ﬂux rates at Berge and Dedelow (Fig. S3). We found a
relationship between the temperature and soil moisture and the N2O
ﬂux rates for the sites Merbitz, Ihinger Hof, and Hohenschulen. The
moisture optimum appeared to be around 50% WFPS. The ﬂuxes at
Merbitz were also related to the nitrate contents of the top soil
(p < 0.001). Enhanced N2O ﬂux rates with increasing soil moisture
and partly with increasing nitrate contents suggest denitriﬁcation as a
major source for the N2O released at the sites Merbitz, Hohenschulen,
and Ihinger Hof.
3.2. Eﬀect of N fertilization on the N2O ﬂuxes
Over all sites combined, increasing N fertilization signiﬁcantly en-
hanced N2O ﬂux rates (p < 0.001, Table 3). This eﬀect was more
apparent at sites with higher N2O ﬂux level (Table 2). In contrast, N
fertilization eﬀects did not appear at Berge and Dedelow, the sites with
the lowest ﬂux levels. Following N fertilization, nitrate and ammonium
contents generally increased with increasing N amounts. The increased
nitrate contents after N fertilization served as available substrate for
N2O production under conditions supporting denitriﬁcation. In con-
trast, N2O ﬂux rates were negligible under conditions favorable for
nitriﬁcation (high ammonium concentrations and soil moisture con-
tents below ﬁeld capacity).
Fig. 1. Mean N2O ﬂux rate (n = 4) in the treatment with 180 kg N ha−1 a−1 (colored lines) and daily precipitation (gray bars) as aﬀected by study site and experimental year. Dotted
lines represent N fertilization (90 kg N ha−1 a−1) each. Note: diﬀerent y-axis scaling.
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Several ﬁeld experiments showed positive correlations between the
N2O ﬂux rates and soil nitrate contents (Ruser et al., 2001; Sehy et al.,
2003; Jones et al., 2007). Especially for agricultural soils, it was also
reported that increased nitrate availability can inhibit the N2O re-
ductase activity due to the competitive eﬀect of nitrate and N2O as
terminal electron acceptors during denitriﬁcation thus stimulating N2O
release from denitriﬁcation (Cho and Sakdinan, 1978; Blackmer and
Bremner, 1978).
3.3. Eﬀect of study site on the N2O ﬂuxes
The study site had a signiﬁcant and strong eﬀect on the N2O ﬂux
rates (p < 0.001, Table 3). The median N2O ﬂux rate over the entire
three experimental years in the treatment with a N fertilizer amount of
180 kg N ha−1 a−1 decreased in the order Merbitz (10.4 μg N2O-
N m−2 h−1) > Hohenschulen (7.3 μg N) > Ihinger Hof (5.3 μg N)
> Dedelow (2.9 μg N) > Berge (1.1 μg N) (Table 2).
Merbitz, the site with the highest clay content, exhibited the highest
ﬂux rates, particularly in the ﬁrst experimental year (Fig. 1, Table 2). At
the sites at Berge and Dedelow, we generally measured low N2O ﬂux
rates. Except for Dedelow in July 2014, N2O ﬂuxes at these two sites did
not exceed 25 μg N2O-N m−2 h−1 during the entire experimental
period (Fig. 1). These low ﬂuxes were probably a result of the sandy soil
texture (Table 1) and the corresponding low water holding capacity
enabling good soil aeration. These results are in agreement with N2O
ﬂux measurements in wheat ﬁelds on soils diﬀering strongly in soil
texture. Pelster et al. (2012) reported annual N2O emissions between
0.6 and 0.7 kg N2O-N ha−1 from a sandy soil under wheat fertilized
with calcareous ammonium nitrate and between 5.1 and 8.3 kg N2O-
N ha−1 from a silty clay soil under the same management. In a lysi-
meter study with three diﬀerently textured soils (clay loam, loam, sand)
Jamali et al. (2016) reported decreasing N2O ﬂuxes with increasing
portions of sand. They attributed low N2O ﬂuxes from sandy soils to a
lower N2O production from denitriﬁcation, since a higher proportion of
macro-pores responsible for drainage and aeration in sandy soils re-
duces the frequency of conditions favoring denitriﬁcation.
Although soil texture at the site Hohenschulen is also sand-domi-
nated (Table 1), N2O ﬂuxes measured there were distinctively higher
than at the sandy sites at Dedelow and Berge (Table 2). Especially for
sandy soils, Pelster et al. (2012) assumed a temporal C limitation for
denitrifying microorganisms requiring C compounds as electron do-
nator. An increase in the Corg content of the soil therefore also enhances
the availability of C for the denitrifying microbial community. Stehfest
and Bouwman (2006) in their analysis of N2O emission data from 1008
agricultural soils conﬁrmed the eﬀect of rising N2O emissions with in-
creasing Corg content of topsoil.
The Corg content of the topsoil in Hohenschulen was 1.6 and 2.5
times higher than in Berge and Dedelow, respectively (Table 1). For the
period between 1st January and the sowing of wheat in autumn of the
ﬁrst experimental year, our ﬂux chambers covered bare soil. The CO2
ﬂux rates (which are only a rough estimate due to the chamber closing
times being optimized for N2O ﬂux measurements) are therefore an
indicator for C mineralization. The mean CO2 ﬂux rate at Hohenschulen
in that period was 86.9 mg CO2-C m−2 h−1. It was 1.6 and 2.3 times
higher than the corresponding mean ﬂux rates at Berge and Dedelow.
We therefore presume that the higher soil respiration rates at Ho-
henschulen decreased O2 availability, thus favoring anaerobic condi-
tions and N2O production during denitriﬁcation whereas O2 supply in
the soils in Berge and Dedelow was suﬃcient to impede nitrate re-
duction. This would explain the higher N2O ﬂuxes compared to the
other sandy sites (Table 2).
3.4. Inter-annual variability of the N2O ﬂuxes
The median annual N2O ﬂux at all sites exhibited a high variability
and the eﬀect of the experimental years was statistically signiﬁcant and
of the same order of magnitude as the site eﬀect (Table 3). The highest
inter-annual variability was measured at the study site Ihinger Hof in
the treatment with 180 kg N ha−1 a−1. At this site, the ﬂux was 5 times
higher in 2013 than in 2015 (Table 2).
A main driver for the inter-annual variability of the annual N2O ﬂux
rates was rainfall shortly after N fertilization or harvest. In the treat-
ment with 180 kg N ha−1 a−1, the annual N2O ﬂux rate decreased at all
experimental sites in the same order as the annual precipitation de-
creased (Fig. 2). This clearly indicates that local weather conditions and
in particular the amount of rainfall (especially in months with increased
mineral N availability as, for example after N fertilization; Fig. S2), play
a key role in determining the magnitude of N2O ﬂux rates.
A high inter-annual variability of N2O ﬂuxes has often been reported
in ﬁeld studies with N2O measurements (Dobbie et al., 1999; Pfab et al.,
2011; Reeves and Wang, 2015) as well as in modeling approaches from
sites with diﬀerent climate conditions (Leip et al., 2011) or with dif-
ferent climate scenarios (Ben Aoun et al., 2016). Despite a uniform
management (N fertilization, crop type) annual N2O emission varied by
up to factor seven between the single experimental years. These dif-
ferences also resulted from diﬀerent weather conditions during the
study, with rainfall being one of the dominant drivers for N2O release
from soils (Smith et al., 1998; Dobbie et al., 1999; Laville et al., 2011).
3.5. Cumulative N2O emissions and fertilizer-related N2O emissions
Due to high variability of N2O ﬂuxes, cumulative N2O emissions
were also scattered widely over the study sites and experimental years.
For the treatment fertilized with 180 kg N ha−1 a−1, annual N2O
emission varied between 0.24 kg N2O-N ha−1 a−1 (Berge, 2014) and
5.48 kg N2O-N ha−1 a−1 (Merbitz, 2013) (Fig. 3).
The magnitude of annual N2O emissions was in the same range as
those assembled by Walter et al. (2015) in their meta-analysis on the
eﬀect of N fertilization on N2O emissions from WOSR ﬁelds. For N
fertilizer amounts approximately in the same range as our
180 kg N ha−1 a−1 treatment Walter et al. (2015) reported annual N2O
emissions from WOSR ﬁelds ranging between 0.31 and 5.61 kg N2O-
N ha−1 a−1.
Since N2O ﬂux rates were stimulated with increasing N fertilizer
amount, cumulative N2O emissions also increased with N fertilization
(Fig. 3). We supplemented the dataset of Walter et al. (2015) with our
data, thereby doubling the number of data points, and following their
methodology, derived an exponential model relating N2O emissions to
N fertilization (Table 3). The model conﬁrmed a strong impact of study
sites and years on annual N2O ﬂuxes. A nonlinear response of N2O
emissions to N fertilization has often been reported and explained ei-
ther with an increased N supply strongly exceeding N demand of the
crop or with extended periods of increased mineral N supply for N2O
Table 3
Best linear mixed eﬀects model for rapeseed-speciﬁc annual N2O emissions (N2Oannual in
kg N ha−1 a−1) for the data in this study pooled with the data from Walter et al. (2015);
the variance explained by the random eﬀects, the residual variance and R2 values are
given. R2 values describe correlation between annual ﬂuxes and predicted (from the ﬁxed
eﬀects only and from the complete model) values on the natural scale.
Log10 (ﬂux mean) = a + bNamount
Back transformed to natural scale
Flux mean = 10a 10(b x Namount)
Coeﬃcients and
95% conﬁdence
intervals in
brackets
a =−0.169 (−0.406,
−0.068) b = 0.00222
(0.0011, 0.0033)
Random eﬀects R2
On intercept
(variance)
On slope
(variance)
Residual variance ﬁxed
eﬀects
only
complete
model
Site, year Year
(0.100, 0.063) 2e-6 0.021 0.05 0.88
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Fig. 2. Median N2O ﬂux and annual precipitation at the ﬁve study sites. Note: diﬀerent y-axis scaling and non-equidistant x-axis units.
Fig. 3. Mean measured cumulative annual N2O emission (n = 4,±
standard deviation) at diﬀerent nitrogen fertilization rates. Lines depict
site-speciﬁc and mean N2O emissions modeled with the mixed eﬀects
model described in Table 3.
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production (van Groeningen et al., 2010; Hoben et al., 2011; Shcherbak
et al., 2014).
The German legislation on N fertilization (DüV, 2006) currently
allows for an N surplus (N fertilization minus N removal with harvest)
of 60 kg N ha−1 a−1 (mean value of three years). Assuming a high
WOSR yield of 5 Mg ha−1 a−1 we can deduce a crop demand of
227 kg N ha−1 a−1 (5 Mg ha−1 a−1 × 45.4 kg N Mg−1, cf. Table 1 of
DüV, 2006). On a legislative basis, it can therefore be expected, that N
fertilization in German WOSR production potentially varies between 0
and 287 kg N ha−1. Over this range of N fertilization, all proposed
nonlinear models for the N2O emission – N fertilization rate relation-
ship (Fig. 4) result in lower fertilizer-related N2O emissions when
compared to the linear IPCC Tier 1 approach.
Comparing the impact of diﬀerent emission factors for direct N2O
ﬁeld emissions from WOSR cultivation in Poland, Syp et al. (2016) also
reported higher N2O emission calculated with the BioGrace approach
(IPCC default values, Tier 1) compared to the GNOC.
Assuming a fertilizer amount of 200 kg N ha−1 a−1 the global FRE
factor derived from the exponential model was 0.6% (CI:
0.31%–1.00%). This factor is within the uncertainty range of the EF1
IPCC emission factor (0.3%–3%), but about 40% lower than the IPCC
default value and was also lower than the FRE calculated by GNOC and
by Walter et al. (2015) (Fig. 4).
One reason for the lower FRE in our experiment may be the fact that
two of our ﬁve study sites have sandy, well aerated soils with low Corg
contents. These were chosen because they are representative for a large
part of the German WOSR production area.
A second reason might be the absence of distinct frost/thaw cycles
at all study sites. As a consequence, the absence of frost/thaw cycles
results in N2O emissions about half as high as in case of frost/thaw cycle
occurrence. However, such mild winters with less frost/thaw cycles
seem to have become more frequent in Germany as a result of ongoing
climate change (Kreyling and Henry, 2011).
The low rapeseed FRE factor is in good agreement with results from
recent studies in the UK which also observed lower FRE factors than the
IPCC default (Bell et al., 2015). Based on multiple ﬁeld experiments
with diﬀerent crops including WOSR a new national emission factor of
0.46% was derived for the UK (Sylvester-Bradley et al., 2015). Simi-
larly, a recent multi-site study in France, again including WOSR in the
ﬁeld experiments, observed lower N2O emissions than expected from
the IPCC default emission factor (Le Gall et al., 2014).
3.6. Oil yield and yield-related N2O emissions
The highest mean seed yields over all three experimental years were
achieved in Dedelow (5.38 Mg ha−1 a−1) and in Hohenschulen
(4.67 Mg ha−1 a−1). At the remaining three sites (Berge, Merbitz and
Ihinger Hof) seed yield was lower and ranged between 3.97 and
4.22 Mg ha−1 a−1. The mean seed yields over all sites were 4.54, 4.90,
Fig. 4. Eﬀect of diﬀerent fertilizer-related N2O emission models on the calculative fer-
tilizer-derived N2O emission from WOSR ﬁelds as aﬀected by N fertilizer amount. IPCC
assumes a linear increase of N2O emission with N application rate (constant emission
factor of 1%), GNOC (Edwards et al., 2016), Walter et al. (2015) and the model derived in
this study describe fertilizer-derived N2O emissions as an exponential function of fertilizer
N input. The GNOC line represents rapeseed at temperate oceanic sites with 1–3% SOC,
pH 5.5–7.3, and medium soil texture.
Table 4
Mean oil yield [Mg ha−1 a−1] as aﬀected by study site, N fertilization and experimental
year. Diﬀerent letters indicate statistically signiﬁcant diﬀerences between the N-fertilizer
treatments within one year and one study site (Student-Newman-Keuls Method,
p < 0.05).
Study site Year N fertilization
kg N ha−1 a−1
0 60 120 180 240
Berge 2013 1.17 b 1.29 a,b 1.38 a,b 1.38 a,b 1.72 a
2014 1.63 c 1.92 b,c 2.28 a,b 2.42 a 2.56 a
2015 0.97 c 1.50 b 1.74 a 1.87 a 1.85 a
Mean 1.26 1.57 1.80 1.89 2.04
Dedelow 2013 2.36 b 2.62 a 2.73 a 2.79 a 2.78 a
2014 2.43 a 2.56 a 2.67 a 2.74 a 2.71 a
2015 1.97 a 2.09 a 2.10 a 2.05 a 2.13 a
Mean 2.25 2.42 2.50 2.53 2.54
Ihinger Hof 2013 1.59 b 1.78 a 2.01 a 1.96 a 1.92 a
2014 1.22 c 1.52 b 1.76 a,b 1.83 a 1.91 a
2015 1.55 c 1.64 b,c 1.76 a,b 1.86 a 1.88 a
Mean 1.45 1.65 1.84 1.88 1.90
Hohenschulen 2013 1.64 b 2.01 a 2.25 a 2.32 a 2.40 a
2014 2.02 a 2.35 a 2.50 a 2.55 a 2.60 a
2015 1.78 c 2.04 a,b 2.21 a 1.99 b 2.15 a,b
Mean 1.81 2.13 2.32 2.29 2.38
Merbitz 2013 1.61 b 1.75 a,b 1.87 a,b 1.88 a,b 1.96 a
2014 1.18 d 1.61 c 2.09 b 2.23 b 2.38 a
2015 1.11 b 1.30 b 1.67 a 1.78 a 1.64 a
Mean 1.30 1.55 1.88 1.96 2.00
Table 5
Mean oil yield-related N2O emission [kg N2O-N Mg−1 oil ha−1] as aﬀected by study site,
N fertilization and experimental year. Diﬀerent letters indicate statistically signiﬁcant
diﬀerences between the N fertilizer treatments within one year and one study site
(Student-Newman-Keuls Method used for comparison of three or more treatments, t-test
for comparison of two treatments, p < 0.05).
Study site Year N fertilization
kg N ha−1 a−1
0 120 180 240
Berge 2013 – 0.50 a 0.58 a –
2014 – 0.07 a 0.10 a –
2015 – 0.31 a 0.15 a 0.14 a
Mean$ – 0.29 0.28 –
Dedelow 2013 – 0.18 a 0.24 a –
2014 0.13a 0.23 a 0.26 a –
2015 0.25a 0.27 a 0.30 a 0.35 a
Mean$ – 0.23 0.27 –
Ihinger Hof 2013 – 0.53 b 0.97 a –
2014 – 0.56 a 0.52 a 0.99 a
2015 – 0.19 b 0.19 b 0.41 a
Mean$ – 0.42 0.56 –
Hohenschulen 2013 0.51 a 0.58 a 0.55 a –
2014 0.21 b 0.31 b 0.47 a –
2015 – 0.54 b 0.85 a,b 1.52 a
Mean$ – 0.49 0.56 –
Merbitz 2013 0.75a 1.59 a 2.98 a –
2014 1.48 a 1.45 a 1.36 a –
2015 1.43a 1.03 a 1.12 a 1.93 a
Mean$ 1.22 1.36 1.82 –
– not determined/not calculated.
$ Mean values were only calculated for treatments with 3 years measurements.
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and 4.03 Mg ha−1 a−1 in 2013, 2014, and 2015, respectively. These
yields follow the pattern of mean German WOSR yields, which were
3.96, 4.48, and 3.91 Mg ha−1 a−1 in 2013, 2014, and 2015, respec-
tively (German Federal Statistical Oﬃce, 2017). Research studies
commonly achieve better yields than commercial farms, but the iden-
tical annual pattern emphasizes the representativeness of our compi-
lation of study sites for German WOSR production.
The reason for the high yield at Dedelow remains unclear. A pos-
sible explanation is a pool of easily mineralizable N, resulting from
long-term application of organic fertilizers to silage maize and sugar
beet approximately every second year before our experiment. However,
Corg and total N contents at this site were comparatively low.
Unfortunately, we did not determine N contents of the WOSR seeds in
every year and at every site since we focused on oil yield as the relevant
target yield. However, for the year 2015 we determined an N uptake in
the seeds of 123 kg N ha−1 in the unfertilized treatment at Dedelow.
The only study site with N uptake measurements in the unfertilized
treatment in the same year was Merbitz with 59 kg N ha−1. Further N
uptake data for unfertilized treatments at other sites than Dedelow in
2013 and 2014 varied between 54 and 93 kg N ha−1. The high N up-
take in the rapeseeds at Dedelow was not only a result of increased
biomass growth but also enhanced N concentrations (not shown). Both,
high biomass and N concentration in the seed of the unfertilized
treatment in Dedelow indicates a high and easily available N delivery at
Fig. 5. Relationship between mean N surplus and mean oil yield-related N2O emission (n = 4, ± standard deviation) as aﬀected by study site and experimental year. At the site Berge
straw removal was also taken into consideration for the calculation of the N surplus. Note: diﬀerent y-axis scaling.
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this site.
The median ﬂux over all sites and years in the treatment with
180 kg N ha−1 a−1 related to grain yield was 0.22 kg N2O-N Mg−1
oilseed grain.
Oil yield varied between 0.97 and 2.79 Mg ha−1 a−1 (Table 4), the
median oil yield was 2.00 Mg ha−1 a−1. Due to the high seed yield, oil
yield was also highest at study site Dedelow, where 2.25 Mg ha−1 a−1
was achieved even in the unfertilized treatment. With few exceptions
(Hohenschulen 2015 and Merbitz 2014) N fertilization higher than
120 kg N ha−1 did not result in statistically signiﬁcant increases in oil
yield.
This result is in agreement with Hegewald et al. (2016) who re-
ported only small increases in oil yield (0.04 Mg ha−1 a−1) when N
fertilization was increased from 120 to 180 kg N ha−1 a−1 in a study on
the eﬀect of diﬀerent preceding crops on WOSR yield. As mentioned by
Rathke et al. (2006) N fertilization increases the crude protein content
of rapeseeds at the expense of oil concentration. We also observed de-
clining oil contents with increasing N fertilization, however, due to
higher dry matter development with increasing N supply, oil yields
were stable over the N fertilizer range between 120 and
240 kg N ha−1 a−1 (Table 4).
Oil yield–related N2O emissions varied depending on site and year.
The median yield-related N2O emission over the entire data set was
0.46 kg N2O-N Mg−1 oil. Cumulative annual N2O emissions, and con-
sequently oil yield-related N2O emissions, were lowest at study sites
Berge and Dedelow (Table 5). For 2014 and 2015 we found a tendency
at Dedelow for increasing yield-related emission with increasing N
fertilization.
In contrast, oil-yield related N2O emissions were distinctly higher in
all years for the site Merbitz with its silty Chernozem soil and also
higher for the sites Ihinger Hof and Hohenschulen (Table 5). Increasing
N fertilization at these three sites by 60 kg N ha−1 from 120 to
180 kg N ha−1 a−1 resulted in a slight increase (approximately
0.15 kg N2O-N Mg−1) in yield-related N2O emissions whereas the ap-
plication of another 60 kg N ha−1 a−1 (in total 240 kg N ha−1 a−1)
approximately doubled the yield-related emissions in the respective
years with trace gas measurements indicating a threshold for strongly
enhanced yield-related N2O emissions between fertilization intensities
of 180 and 240 kg N ha−1 a−1.
Diﬀerent functions have been used to visualize the relation of yield-
related N2O emissions to N surplus. Van Groenigen et al. (2010) used an
exponential function to describe the yield-related N2O emissions with N
surplus in silage maize. Walter et al. (2015) ﬁtted a segmented linear
function to their WOSR yield dry mass-related N2O emissions and found
a critical N surplus of 80 kg N ha−1 where the yield-related N2O
emissions substantially increased. We found neither a clear threshold in
our experiment nor a simple global relationship. This can be attributed
to the high inter-annual variability of the N2O emissions (Fig. 5).
Especially in 2013, N2O emissions were driven by fertilization whereas
emissions in 2014 and 2015 did depend less on fertilization and were
generally lower. Oil yield-related N2O emissions at the study sites
Ihinger Hof and Merbitz increased with a small N surplus in 2013, the
year with the highest precipitation, whereas the threshold for increased
yield-related N2O emissions under drier conditions in 2014 and 2015
was approximately +50 kg N ha−1 N surplus. The site Hohenschulen
also exhibited a distinct increase of yield-related N2O emission with
rising N surplus, whereas the low emission sites Berge and Dedelow did
not respond to varying N surpluses. The removal of WOSR straw at the
site Berge resulting in lower N surplus values might have additionally
aﬀected N2O emissions.
Calculating the GHG balance of biodiesel produced from the
180 kg N ha−1 a−1 WOSR treatment according to current EU RED
methodology (i.e., using the IPCC emission factor of 1%) resulted in
GHG savings of 44% and 51% compared to the current and updated
fossil fuel reference, respectively (Table 6). Note that both yield
(4990 kg ha−1 a−1) and N fertilization of the 180 kg N treatment were
much higher than the EU RED default values (3113 kg ha−1 a−1 with
137.4 kg N fertilization). Substituting the EF1 IPCC emissions factor
with the rapeseed speciﬁc emissions factor of 0.6% for the calculation
of direct N2O ﬁeld emissions from fertilizer N input improved GHG
savings to 47% and 54%, respectively. If we assume that the same
WOSR-speciﬁc emission factor is also valid for emissions from the crop
residues, GHG savings even achieve 50% and 56%, respectively. Thus, a
full update of the emission factor results in a calculative increase of
GHG savings by ﬁve to six percentage points. As a result the 50% goal of
the EU RED would be achieved even with the original reference value.
4. Conclusions
With our study covering three years at ﬁve study sites in re-
presentative regions of German WOSR production, we doubled the
experimental base (now 86 annual ﬂux values) for the deduction of an
emission factor for fertilizer-related N2O emissions from WOSR crop-
ping. Our measurements conﬁrmed the result of Walter et al. (2015)
that fertilizer-related N2O emissions from WOSR are markedly lower
than the (linear) one percent default value proposed by the IPCC Tier 1
approach. For a common N fertilizer amount of 200 kg N ha−1 a−1 in
German WOSR cultivation the fertilizer-related emission factor devel-
oped from our data set combined with the data assembled by Walter
et al. (2015) is 0.6%. Applying this WOSR-speciﬁc emission factor to
the N fertilizer amount used in our experiment (180 kg N ha−1 a−1),
which is similar to the amounts used under best agricultural manage-
ment conditions, we could show, that the GHG reduction criteria sti-
pulated by the Renewable Energy Directive for biofuels can be fulﬁlled
for existing biofuel plants: the GHG emissions from biofuel production
achieved more than 50% GHG savings compared to fossil diesel ex-
ploration and consumption, especially if best management practices are
adopted in WOSR cultivation.
Our oil yield results indicate that there is potential for reduction of
N fertilization in comparison to agricultural practice recommendations
Table 6
GHG emissions and savings of biofuel produced from the 180 kg N ha−1 a−1 treatment according to BioGrace-I GHG calculation tool (version 4d). Standard values were used for all values
not given in the Table.
Mineral N fertilizer kg N ha−1 a−1 180 180 180 180 180 180
Production of N fertilizer g CO2-eq kg−1 36521 36521 36521 36521 36521 36521
Emission factor for direct N2O ﬁeld emissions from mineral fertilizer N % 1 1 0.6 0.6 0.6 0.6
Emission factor for direct N2O ﬁeld emissions from crop residues (IPCC default) % 1 1 1 1 0.6 0.6
Fresh matter seed yield Mg ha−1 a−1 4.99 4.99 4.99 4.99 4.99 4.99
Soil water saturation high? yes2 yes2 yes2 yes2 yes2 yes2
Direct and indirect N2O ﬁeld emissions kg N2O ha−1 a−1 5.87 5.87 4.77 4.77 4.09 4.09
kg N2O-N ha−1 a−1 3.74 3.74 3.04 3.04 2.60 2.60
Fossil fuel reference g CO2-eq MJ−1 83.8 95.13 83.8 95.13 83.8 95.13
GHG emission reduction vs reference % 44 51 47 54 50 56
1 Biograce standard emission factor for CAN.
2 This setting accounts for 30% loss of input N via nitrate leaching. The alternative is zero nitrate leaching.
3 New reference value (fossil diesel) according to EU directive 2015/1513 (EU, 2015).
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without oil yield losses. This would be an excellent mitigation option
due to avoiding GHG emissions during fertilizer production and the
reduction of direct and indirect N2O ﬁeld emissions.
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 Abstract 
Winter oilseed rape (OSR) is the major oil crop cultivated in Europe and the most important 
feedstock for biodiesel. Up to 90 % of the GHG emissions from biodiesel production can 
occur during OSR cultivation. Therefore, mitigation strategies for GHG emissions in the field 
are required and need to focus on direct nitrous oxide (N2O) emission as one of the largest 
contributor. Substitution of synthetic N-fertilizers by digestates is currently under discussion 
due to the avoidance of GHG emissions during the production process of synthetic fertilizer. 
Since information on the effect of NIs on N2O emissions from digestates is scare, the aim of 
this study was to evaluate their effect on N2O emissions, mineral N dynamics, oil yield, and 
yield-related emissions in OSR production fertilized with digestate. The study was conducted 
at five different German sites over three years resulting in 15 full annual data sets. Over all 
sites and years, annual N2O emission ranged between 0.2 and 3.5 kg N2O-N ha-1 a-1. A 
significant reduction of the N2O emission after digestate application with NI was detected for 
three annual data sets. The mean reduction potential overall dataset was 36 %. During the 
fertilization period, N2O emission varied between 0.01 and 1.8 kg N2O-N ha-1 period-1. In this 
period, NI reduced mean N2O emission between 69 and 97 %.  
Our results demonstrate that NI can be effective measure for reducing N2O emissions from 
digestate application, but their effectiveness depends on soil and weather conditions and, 
ultimately, a sites potential for N2O emission. 
 
 Introduction 
During the last decade, demand of biofuel in Europe has been growing with rapeseed oil as 
the most important feedstock (Hamelinck et al. 2012; Carré and Pouzet 2014; Aldhaidhawi et 
al. 2017). As a result, oilseed rape (Brassica napus L., OSR) production in the European 
Union increased between 2000 and 2014 by 38 % (FAOSTAT 2017). However, there has 
long been a controversial discussion as to whether the climate impact of rapeseed cultivation 
is really positive. 75 to 90 % of the total GHG emissions during the production of biodiesel 
are emitted as nitrous oxide (N2O) during the cultivation of feedstock in the field (66.7–
119.5 g CO2 MJfuel–1) (Hoefnagels et al. 2010). Nitrous oxide contributes to the greenhouse 
effect (i.e., 100-year Global Warming Potential of 298; Mhyre et al. 2013) and to stratospheric 
ozone depletion (Crutzen 1981). 59 % of the entire anthropogenic N2O emission is emitted 
from agricultural soils (IPCC 2006). Nitrification and biological denitrification are main 
sources for N2O production in soils (Bremner 1997). Apart from these two processes, the 
contribution of further microbial and chemical N transformations, such as nitrifier-
denitrification or chemo-denitrification, to the total N2O release from soils is currently 
discussed (i.e. Shaw et al. 2006; Butterbach-Bahl et al. 2013). Since all processes of N2O 
production in soils rely on mineral N, N-fertilization was frequently shown to enhance N2O 
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emissions from agricultural soils (Stehfest & Bouwman 2006; Jungkunst et al. 2006; Kaiser 
and Ruser 2000). 
To close the nutrient cycle within renewable energy production, digestate from biogas plants 
suggests itself as a substitute for mineral N-fertilizer. The number of biogas plants in Germany 
increased from 139 in 1992 to 9494 in 2018 (Statista 2018). Hereby digestate as valuable 
fertilizer gained importance. Anaerobic digestion changes the chemical composition of the 
biogas substrate, resulting in higher NH4+ contents, higher pH values and lower carbon 
contents (Möller and Müller 2012; Wolf et al. 2014). Fertilization with digestate is resulting 
in small-scale anaerobic zones due to the biological consumption of oxygen (O2) (Zhu et al. 
2015) and moisture retention by the organic matter of the digestate (Petersen et al. 2003) 
promoting N2O hotspots through denitrification.  
Nitrification inhibitors (NIs) inhibit the enzyme ammonia monooxygenase (AOM) which 
catalysis the first step of nitrification process carried out by microorganisms (NH4+  
NH2OH), thus stabilizing NH4+ stock. Many positive effects of NI application with organic 
fertilizer such as lower NO3- leaching, increased N-use efficiency and enhanced yields have 
been reported (Sutton et al. 1986; Di and Cameron 2007; Fangueiro et al. 2009). A meta-
analysis from Abalos et al. (2014) showed an increase in productivity of different crops due 
to the use of NIs (DMPP; DCD; NBPT) where their effectiveness depended on environmental 
and management factors.  
Since nitrification is one of the main sources of N2O formation and since it provides NO3- as 
the substrate for N2O release from denitrification, NIs are also a promising option for N2O 
mitigation. With a mean of approximately 35 % N2O reduction over all NIs (Akiyama et al. 
2010; Ruser and Schulz 2015), fertilizer-derived N2O emissions can be reduced up to 92 % 
(Menendez et al. 2012). However, the mitigation potential of NIs depends widely on site-
specific conditions such as weather, soil properties and management practices (Volpi et al. 
2017). Although numerous experiments studied the effect of NIs on N2O emissions, only few 
studies investigated this effect for digestates. Wolf et al. (2014) reported a reduction of the 
N2O emission between 37 and 62 % in the first weeks following application. Despite this high 
short-term mitigation potential, the effect was not significant on annual basis. In a laboratory 
incubation experiment Serverin et al. (2016) reported 70 % lower N2O emissions from the 
treatment with 3,4-dimethyl pyrazole phosphate (DMPP) compared to untreated digestate.  
Due to the sparse information on the effect of NIs on trace gas fluxes from OSR after digestate 
fertilization, the aim of the present work was to determine effects of NI application (1) on 
N2O emissions and mineral N dynamics, (2) on grain and oil yield, and (3) on yield related 
emissions after digestate application in OSR production.  
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 Material and Methods 
5.3.1 Study sites, experimental design and management 
This study was part of field trials at five experimental sites located in areas representative for 
OSR production in Germany (Table 1; Ruser et al. 2017). Since the main OSR cultivation 
area in Germany is located in the northern part, three sites where established in that area 
(Hohenschulen, Dedelow and Berge). One site was located in Middle Germany (Merbitz) and 
one in South Germany (Ihinger Hof). Soil and environmental characteristics of the study sites 
are shown in Table 5.1. 
A randomized split-plot design with four replicate blocks was established at each site in 2012. 
Crop rotation with winter oilseed rape (var. ‘Visby’) – winter wheat (Triticum aestivum L., 
var. ‘Julius’) – winter barley (Hordeum vulgare L., var. ‘Tenor’ in Berge, var. ‘Meridian’ in 
Hohenschulen and var. ‘Souleyka’ at all other sites) was used as main plot factor. The main 
plots were managed according to best management practice at each site. Each main plot was 
subdivided into two subplots, one treated with and one without nitrification inhibitor. Plot 
size varied slightly across study sites due to different farming machinery; the minimum size 
was 3 x 9 m (27 m2).  
OSR was sown between end of August and early September at all sites and in all years (40 to 
45 grains m², inter-row width 0.36 m). Fertilization was split into two doses as common for 
OSR production in Germany. The first dose was applied at the beginning of the growing 
season and the second approximately four weeks later. For each N-fertilization 90 kg NH4 -
N ha-1 was applied as digestate, resulting in a total of 180 kg NH4-N ha-1 a-1. Characteristics 
of the substrates are shown in Table 5.3. In 2014, the whole N amount was applied with only 
one single application at the study site Dedelow. 
Piadin® (SKW, Piesteritz, Germany), which is a pyrazole derivative (PD), was used as 
nitrification inhibitor (5 l ha-1) mixed with the digestates at all study sites. Piadin® contains 
two active compounds; the combination of 1H-1,2,4-triazole and 3-methylpyrazole has 
proved as an effective NI (Aulakh and Kuldip-Singh Doran 2001; Barneze et al. 2014; Wu et 
al. 2017). Trailing-hose application technique was used at all sites to apply the fertilizer 
between the plant rows. The only exception was Berge where an injection technique was used 
for the first 1st fertilizer dose in 2013. To avoid sulfur deficiency, 90 kg S ha-1 were applied 
to OSR as kieserite (MgSO4) every spring. After harvest, soil was plowed at every site. The 
experimental design with three years of replicated N2O emission measurements and crop yield 
determination at five sites enabled for a comprehensive analysis and comparison of NI effects 
at different sites and in different years. 
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5.3.2 Gas flux measurement 
Between 2013 and 2015, N2O flux rates were measured using the closed chamber method 
(Mosier & Hutchinson 1981) and calculated as described in detail by Ruser et al. (2017). 
Briefly, base frames (71 x 27 cm) were installed between the plant rows. Fluxes were 
measured at least once a week completed through additional event-oriented measurements 
(after fertilization, tillage, heavy rain, and during frost-thaw cycling). During gas sampling, 
dark closed chambers were placed airtight on the base frames. Four gas samples were taken 
periodically every 15-20 minutes out of the chambers’ atmosphere and transferred into 
evacuated glass vials. N2O and CO2 concentration in the gas samples was analysed gas 
chromatographically with an electron capture detector (63Ni-ECD). Fluxes were estimated by 
a procedure combining non-linear and robust linear flux models using the R (R Core Team 
2017) package gasfluxes (Fuss 2016). Flux estimates were then submitted to rigorous quality 
checks by cross-checking with CO2 accumulation, and missing or discarded fluxes were filled 
by multiple imputation (Honaker et al. 2011, Ruser et al. 2017).  
Cumulative annual N2O emissions were calculated for the periods between 1st January and 
31st December. This definition for this period was chosen since it covered all soil management 
and N-fertilization measures of the OSR as well as the time when increased soil mineral N 
contents were expected. Furthermore, cumulative N2O emission during the fertilization period 
was calculated. This period started with the date of the first digestate application and ended 
four weeks after the second N application (Table 5.2). 
For the calculation of the cumulative N2O emission, we linearly interpolated between two 
sampling dates. Oil yield-related N2O emissions were calculated by relating the annual N2O 
emissions to the amount of oil yield which was the product of OSR seed yield and oil 
concentration in the seeds. 
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Tab. 5.2: Calculation periods for statistical analysis. 
Site Year 
1st Fertilization 2nd Fertilization  
days 
start  end 
Berge 2013 04.04. 02.05. 30.05. 56 
 2014 19.02. 09.04. 07.05. 77 
 2015 17.02. 24.03. 21.04. 63 
Dedelow 2013 05.03. 17.04. 15.05. 71 
 2014 11.03. 11.03. 08.04. 28 
 2015 03.03. 24.03. 21.04. 49 
Ihinger Hof 2013 13.03. 15.04. 13.05. 61 
 2014 25.02. 24.03. 21.04. 55 
 2015 09.03. 13.04. 11.05. 63 
Hohenschulen 2013 04.04. 23.04. 21.05. 47 
 2014 12.03. 01.04. 29.04. 48 
 2015 17.03. 08.04. 06.05. 50 
Merbitz 2013 09.04. 02.05. 30.05. 51 
 2014 10.03. 08.04. 06.05. 57 
 2015 10.03. 08.04. 06.05. 57 
 
5.3.3 Environmental, soil, and plant analyzes  
Climate stations were installed at each study site directly next to the experimental plots. We 
detected air temperature in 2 and 0.05 m height and daily precipitation. Data loggers (LogTag, 
TRIX-8, CIK solutions, Karlsruhe, Germany) were used to determine soil temperature in 0.05, 
0.1 and 0.2 m soil depth. Soil samples were taken simultaneously to each gas sampling from 
0 to 0.3 m depth and pooled over the four replicate plots. For further analysis, the samples 
were sieved (< 5 mm) and stored frozen. To determine the mineral N content, 80 g of fresh 
soil were extracted with 200 ml of a 1.25 10-2 M CaCl2 solution. Photometric flow-injection 
analyzers were used to measure the concentrations of NO3- and NH4+ in the extracts. 
Comparability of the different analyzers used for that purpose was established in an inter-
laboratory comparison test. Soil moisture was determined gravimetrically by drying soil at 
105°C for 24 h. Bulk density of the topsoil was determined using stainless steel cylinders 
(100 ml) before and after each soil management event. Oil content of the OSR seeds was 
measured using near-infrared spectroscopy (NIRSystem 5000, Foss, Hamburg, Germany). 
In 2017, the German Fertilizer Ordinance, which regulates the maximum amount of N-
fertilizer, was revised. In contrast to the preceding ordinance (DüV, 1996) the maximum 
amount of N applied with digestate in arable land was reduced from 170 kg N ha-1 based on 
NH4-N to 170 kg N ha-1 based on total N (DüV, 2017).  
 
 
 
 
N2O emission of OSR fertilized with digestate and a nitrification inhibitor  
50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Ta
b.
 5
.3
: M
ai
n 
ch
ar
ac
te
ris
tic
s o
f t
he
 d
ig
es
ta
te
s u
se
d 
at
 th
e 
di
ffe
re
nt
 st
ud
y 
sit
es
. 
Si
te
 
 
Be
rg
e 
 
D
ed
el
ow
 
 
Ih
in
ge
r H
of
 
 
H
oh
en
sc
hu
le
n 
 
M
er
bi
tz
 
 
 
20
13
 
20
14
 
20
15
 
 
20
13
 
20
14
 
20
15
 
 
20
13
 
20
14
 
20
15
 
 
20
13
 
20
14
 
20
15
 
 
20
13
 
20
14
 
20
15
 
Su
bs
tra
te
 
 
ca
tte
l s
lu
rry
/ 
m
ai
ze
/g
ra
ss
 si
la
ge
 
 
ca
ttl
e 
slu
rry
/ 
m
ai
ze
 si
la
ge
 
 
pi
g 
slu
rry
/ 
m
ai
ze
/g
ra
ss
 si
la
ge
 
 
ca
ttl
e 
slu
rry
/ 
m
ai
ze
 si
la
ge
 
 
ca
ttl
e 
slu
rry
/ 
m
ai
ze
 si
la
ge
 
pH
 
 
8.
1 
7.
9 
7.
6 
 
8.
1 
7.
6 
8.
7 
 
8.
0 
7.
9 
7.
9 
 
8.
0 
8.
1 
8.
1 
 
7.
7 
7.
9 
7.
7 
D
M
 
 
 
8.
4 
9.
2 
10
.5
 
 
6.
0 
6.
1 
7.
8 
 
8.
9 
10
.1
 
8.
7 
 
6.
8 
7.
1 
8.
1 
 
5.
2 
5.
1 
5.
0 
O
M
 
 
 
6.
3 
6.
1 
6.
2 
 
4.
5 
4.
2 
~ 
 
6.
5 
7.
1 
5.
9 
 
~ 
~ 
~ 
 
3.
6 
3.
5 
3.
3 
C o
rg
 
[%
] 
3.
7 
3.
5 
3.
6 
 
2.
3 
2.
4 
3.
0 
 
3.
8 
4.
1 
3.
4 
 
~ 
~ 
~ 
 
2.
1 
2.
0 
1.
9 
C t
 
~ 
~ 
~ 
 
2.
6 
2.
4 
3.
0 
 
3.
3 
4.
0 
3.
4 
 
~ 
~ 
~ 
 
~ 
~ 
~ 
N
t 
 
 
0.
6 
0.
5 
0.
5 
 
0.
3 
0.
3 
0.
5 
 
0.
5 
0.
6 
0.
6 
 
0.
4 
0.
5 
0.
5 
 
0.
3 
0.
3 
0.
3 
N
H
4-N
 
 
 
0.
4 
0.
2 
0.
2 
 
0.
1 
0.
2 
0.
2 
 
0.
3 
0.
3 
0.
4 
 
0.
3 
0.
3 
0.
3 
 
0.
2 
0.
2 
0.
2 
N
H
4-N
 
ap
pl
ie
d 
[k
g 
ha
-1
] 
18
0 
18
0 
18
0 
 
12
9 
19
1 
18
4 
 
17
1 
19
0 
19
7 
 
17
4 
16
4 
19
7 
 
18
0 
18
0 
18
0 
D
M
 =
 d
ry
 m
at
te
r; 
O
M
 =
 o
rg
an
ic
 m
at
te
r; 
~ 
= 
no
t d
et
er
m
in
ed
/ n
ot
 c
al
cu
la
te
d.
 
       
N2O emission of OSR fertilized with digestate and a nitrification inhibitor 
51 
 
5.3.4 Statistical methods  
Normal distribution and variance homogeneity of residuals were checked graphically. To 
reach normal distribution and homogeneous variances of residuals for N2O and CO2 
emissions, a logarithmic transformation of the data was carried out prior to analysis. 
A mixed model approach using SAS PROC MIXED for the comparison of cumulative N2O 
emissions, oil yield and oil yield-related N2O emissions was used. Last square means were 
calculated and compared with an LSD-test at α = 0.05.  
For each site, a multiple regression analysis for nitrous oxide fluxes was performed. To model 
block effects and their inclusion in the multiple regression approach, dummy variables were 
created. They were included by default in the model. A stepwise forward selection was used 
in the multiple regression approach with α = 0.05 on the following explaining variables: air 
temperature (2 m), NO3, water-filled pore space (WFPS) and CO2. From this approach, the 
correlation was determined as the square root of the partial R² value. As only significant 
explaining variables remain in the model, all explaining variables in the final model show 
significant effects. Analyses were performed in SAS 9.4 (SAS Institute, Cary NC). Plots and 
graphics were created with SigmaPlot 11.0 (Systat Software GmbH, Erkrath). 
 
 Results and Discussion 
5.4.1 Meteorological conditions 
The annual precipitation varied from 409 mm (Hohenschulen, 2014) to 923 mm (Ihinger Hof, 
2013) (Table 5.1). At each study site, the long-term mean annual precipitation lay within the 
range of the annual precipitation in the three single experimental years indicating, that our 
measurements were conducted in a period with site representative precipitation 
characteristics. At Ihinger Hof and Merbitz the annual precipitation in 2013 was 34 and 35 % 
higher when compared to the long-term mean. Also in 2013, Berge had 22 % higher 
precipitation than the long-term mean. Particularly spring and summer 2015 was very dry at 
almost every site. 
Mean air temperature ranged between 8.1°C (Hohenschulen, 2013) and 13.0°C (Berge, 2014). 
With the exception of the study site Hohenschulen, annual mean temperature was 
predominately higher than the long-term mean at all remaining study sites and in all three 
experimental years.  
5.4.2  N2O fluxes  
N2O fluxes showed a high spatial and temporal variability (Figures 5.1 and 5.2). Increased 
fluxes were often measured after digestate application in conjunction with precipitation 
events. In May 2013, the highest flux rate during the entire experimental period was 
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determined with 458 µg N2O-N m-2 h-1 after second fertilization following a heavy rain 
shower (42 mm d-1) at the study site Merbitz (-NI) (Figure 5.1). High N2O flux rates after N-
fertilization were also measured 2013 in Berge, 2015 in Dedelow, and 2014 and 2015 in 
Hohenschulen. 
High spatial and temporal variability of N2O fluxes has frequently been reported from arable 
soils with increased flux rates after N-fertilization and rainfall and mainly explained with 
enhanced denitrification (Ambus and Christensen 1994; Flessa et al. 1995; Kaiser et al. 1996). 
After fertilization, ammonium in soils is rapidly oxidized to nitrate (Singh and Verma 2007) 
thus increasing substrate availability for denitrification. Further, denitrification is enhanced 
by the formation of anaerobic conditions as result of lower gas diffusivity in soil water when 
compared to soil air (Heincke & Kaupenjohann, 1999) and therefore of a reduced O2 diffusion 
into soil combined with high microbial O2 demand during C turnover (Flessa et al. 1995; 
Corre et al. 1996; MacKenzie et al. 1997).  
Winter fluxes were generally low at all sites and in all years. Due to the absence of severe 
frost/thaw cycling over the entire experimental time, there were no considerable frost/thaw 
induced N2O pulses at our study sites (Ruser et al. 2017). 
For every experimental site, N2O fluxes were significant correlated (p < 0.0001, Table 5.4) 
with CO2 fluxes. The measured CO2 fluxes are an indicator for heterotrophic microbial 
activity during decomposition of soil organic matter, where the microbial activity also 
includes the activity of denitrifiers in soils. Except for the sandy site Berge, we also found a 
positive correlation between the N2O fluxes and soil moisture. Additionally, N2O fluxes in 
Dedelow, Hohenschulen and Merbitz were also positive correlated with soil nitrate contents 
(Table 5.4). Enhanced N2O flux rates with increasing soil moisture and in part with nitrate 
contents suggest denitrification as a major N2O source over all study sites. 
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Fig.  5.1: Temporal pattern of the mean N2O flux rate (n = 4) of the treatments +NI and -NI and daily 
rainfall as affected by study site and experimental year. Note: different y-axis scaling. 
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Fig.  5.2: Temporal pattern of the mean N2O flux rate (n = 4) of the treatments +NI and -NI (a) and daily 
rainfall at Dedelow 2015. NO3-N (b) and NH4-N (c) content of the topsoil (0-30 cm) affected by NI application. 
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Tab. 5.4: Regression analysis (PROC REG stepwise forward regression) for N2O fluxes by site. CO2, NO3-N, 
WFPS and temperature (2 m height) were parameters included.  
 
5.4.3 NI effects on N2O fluxes, cumulative N2O emission and mineral N 
Figure 5.2 shows exemplarily the N2O fluxes from study site Dedelow in 2015. It illustrates 
the inhibitory effect of NI application. Following digestate applications at this site in 2015, 
N2O fluxes were significantly reduced when the NI was added to the digestate.  
Cumulative N2O emissions during the fertilization period varied between 0.01 kg N2O-N      
ha-1 period-1 and 1.8 kg N2O-N ha-1 period-1 (Table 5.5). In 12 of the 15 data sets, mean N2O 
emission was lower when NIs were applied along with the digestates, with this effect being 
statistically significant in six data sets. Generally, N2O reduction during this period in the 
statistically significant data stets was very high; it varied between 69 % (Ihinger Hof in 2015) 
and 97 % (Dedelow, 2014). 
As mentioned NIs inhibit ammonia monooxygenase (AMO) as the first step during 
nitrification and therefore directly decrease the release of N2O from nitrification. Due to lower 
nitrate concentration as substrate for denitrifiers, NIs also reduce N2O emissions from 
denitrification (Ruser and Schulz 2015). Additionally, the N2/N2O-ratio increases with 
decreasing NO3- concentration as result of a competitive effect of NO3- and N2O as terminal 
electron acceptor during denitrification (Blackmer and Bremner 1978; Ruser et al. 2006). This 
would further decrease N2O release from denitrification.  
Following digestate application the NH4-N/NO3-N ratio in the treatment +NI at the study sites 
Dedelow, Ihinger Hof and Hohenschulen was higher than in the treatment without NI, this 
was also measured at the site Berge in the third year (Figures 5.1 and 5.3). When compared 
to the -NI treatments, higher NH4-N/NO3-N ratios in the +NI treatments indicate the inhibitory 
effect of NIs. This effect lasted between one and four weeks after digestate application. For 
the study site Merbitz (loamy silty texture) this effect could not be observed. This was 
explained with the low extraction efficiency of 0.0125 M CaCl2 solution for NH4+ on loamy 
Study site estimate 
R² F-Value p-value CO2 NO3 WFPS T ∑ 
Berge 0.00077 0.06    0.06 32.1 <.0001 
Dedelow 0.00144 0.14     104.0 <.0001 
 0.00230   0.02  0.17 15.4 <.0001 
 0.00126  0.01    11.1 0.0009 
Ihinger Hof 0.00102 0.21     148.2 <.0001 
 0.00146   0.01  0.23 8.0 0.0049 
 0.00397    0.01  4.6 0.0032 
Hohenschulen 0.00200 0.29     238.2 <.0001 
 0.00386  0.06   0.37 31.2 <.0001 
 0.00289   0.02   13.2 0.0003 
Merbitz 0.00163 0.17    
0.26 
209.1 <.0001 
 0.01646    0.04 48.8 <.0001 
 0.00252  0.03   40.3 <.0001 
 0.00793   0.02  26.4 <.0001 
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and silty soils (Kuderna et al. 1993) disabling the use of this ratio as indicator for the inhibition 
of nitrification.  
As result of the inhibitory effect, nitrate availability following fertilization was lower when 
compared to treatments without NI application (Figure 5.2). Even the mean annual nitrate 
contents of the +NI treatments were lower than the ones in the -NI treatments at every site 
and in every experimental year (except for Hohenschulen 2015; Table 5.6).  
Total annual N2O emission varied between 0.2 kg N2O-N ha-1 a-1 and 3.5 kg N2O-N ha-1 a-1 
(Table 5.5). The same range of annual N2O emissions was reported for OSR fertilized with 
mineral N fertilizer at the same study sites and in the same experimental period (Ruser et al. 
2017). They mainly explained the high inter-annual variability of the N2O emission at our 
study site with varying weather conditions between the experimental years with rainfall as the 
main driver for increased N2O fluxes after N-fertilization measures. 
The mean annual N2O emission decreased in the following order: Merbitz (2.8 kg) > 
Hohenschulen (1.5 kg) > Dedelow (1.1 kg) > Ihinger Hof (1.0 kg) > Berge (0.5 kg N2O-N  
ha-1 a-1) (Table 5.5). Ruser et al. (2017) also reported almost the same order for annual 
emissions from mineral N-fertilization increasing from sandy to loamy textures of the top 
soils and with increasing Corg contents at our five study sites. Sandy soil texture and low Corg 
contents result in a low water holding capacity and thus in good soil aeration limiting 
denitrification (Bouwman et al. 2002). Pelster et al. (2012), Stehfest and Bouwman (2006) 
and Leip et al. (2011) have reported similar results for N2O emissions from soils with varying 
soil texture. 
When compared to the treatment without NI, mean annual N2O emission in the treatment with 
NI was lower in 10 of the 15 full annual data sets with three of these 10 sets being statistically 
significant (p < 0.05, Table 5.5).  
The mean annual emission over all data was 1.0 kg N2O-N ha-1 a-1 in the treatment -NI and 
significantly lower when digestate was applied together with NI (0.6 kg N2O-N ha-1 a-1). 
Despite of the generally low fluxes, the use of NI reduced the mean annual N2O emissions 
over the whole data set by 36 %. This reduction potential was in good agreement with studies 
which summarized the results of experiments on the effect of NIs on N2O emissions from 
agricultural soils (Akiyama et al. 2010; Ruser and Schulz 2015). 
So far, no other agricultural measure has so consistently proofed such a high reduction 
potential for N2O emissions in the field than the application of NIs. The discrepancy between 
the reduction potential calculated for the fertilization period (54 %) and for the data on annual 
basis (36 %) as well as the lower amount of statistically significant data sets on annual base 
clearly emphasize the need of a uniform observation period for a reliable evaluation of 
measures to reduce greenhouse gas emissions from agricultural soils. Several authors 
suggested full annual measurements for that purpose (Bouwman 1996; Ruser et al. 2001). 
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Tab. 5.5: N2O emissions annual and during fertilization period, oil yield and oil yield-related N2O emissions 
effected by site and year and nitrification inhibitor (+NI; -NI). Statistically significant differences between +NI 
and –NI treatment within single year and within single study site was indicated by small letters (LSD, p = 
0.05). 
 
 
 
 
 
Study site Exp. year 
N2O emission 
Oil yield Oil yield-related              N2O emissions annual fertilization 
  [kg N2O-N ha-1 a-1] [kg N2O-N ha-1] [Mg ha-1 a-1] 
[kg N2O-N Mg-1 oil ha-
1] 
  - NI + NI - NI + NI - NI + NI - NI + NI 
Berge 2013 1.1 a 0.4 a 0.42 a 0.08 a 1.3 a  1.2 a  0.8 a  0.3 a 
 2014 0.3 a 0.2 a 0.07 a 0.05 a 1.8 a  1.8 a 0.2 a 0.1 a 
 2015 0.2 a 0.2 a 0.01 a 0.01 a 1.5 a 1.4 a 0.1 a 0.2 a 
 2013-2015 0.5 0.3   1.5 1.5 0.4 0.2 
Dedelow 2013  1.1 a 0.5 a 0.22 a 0.09 a 2.7 a 2.6 a 0.4 a 0.2 a 
 2014 1.2 a 0.6 b 0.15 a 0.03 b 2.6 a 2.6 a 0.5 a 0.2 b 
 2015 1.1 a 0.3 b 0.44 a 0.01 b 2.1 a 2.1 a  0.5 a 0.1 b 
 2013-2015 1.1 0.5   2.5 2.4 0.5 0.2 
Ihinger Hof 2013  1.4 a 1.7 a 0.06 a 0.10 a 1.9 a 1.8 a 0.8 a  1.0 a 
 2014 0.9 a 1.2 a 0.06 a 0.07 a 1.8 a 1.6 a 0.5 a 0.7 a 
 2015 0.5 a 0.4 a 0.19 a 0.03 b 1.9 a 1.8 a 0.3 a 0.2 a 
 2013-2015 1.0 1.1   1.8 1.8 0.5 0.6 
Hohenschulen 2013  1.0 a 1.0 a 0.12 a 0.09 a 2.1 a 2.1 a 0.5 a 0.5 a 
 2014 1.5 a 1.2 a 0.47 a 0.19 b 2.5 a 2.5 a 0.6 a 0.5 a 
 2015 1.9 a 1.3 a 0.49 a 0.15 b 2.1 a 2.0 a 0.7 a 0.6 a  
 2013-2015 1.5 1.1   2.2 2.2 0.6 0.5 
Merbitz 2013  3.5 a 1.8 b 1.82 a 0.51 b 1.9 a 1.8 a 1.9 a 1.0 b 
 2014 2.6 a 1.9 a 0.04 a 0.03 a 2.1 a 2.1 a 1.2 a 0.9 a 
 2015 2.2 a 2.2 a 0.16 a 0.03 a 1.7 a 1.6 a 1.4 a 1.3 a 
 2013-2015 2.8 2.0   1.9 1.8 1.5 1.1 
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Fig.  5.3: Mineral NH4+ to NO3- ratio (0-30 cm depth) after digestate application as affected by site and 
experimental year. 
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Tab. 5.6: Mean annual NO3- - N (kg N ha-1) content in topsoil (0-30 cm) as affected by nitrification inhibitor 
application, study site and experimental year. 
Site  
 NO3- - N content in topsoil  
2013 2014 2015 
 -NI  +NI  -NI  +NI  -NI  +NI 
Berge  30.8 24.0 6.1 5.8 15.1 15.0 
Dedelow 18.0 16.4 11.2 10.6 21.2 10.9 
Ihinger Hof 11.6 10.9 15.1 12.3 17.7 15.1 
Hohenschulen 20.2 18.4 12.9 10.1 22.9 24.0 
Merbitz 7.9 6.7 5.5 5.2 8.5 6.6 
 
5.4.4 NI effects on grain yield, oil yield and oil yield-related N2O emission 
The OSR grain yield was not affected by NI application (data not shown). On a three years 
average it ranged between 3.1 Mg ha-1 a-1 and 5.2 Mg ha-1 a-1. The yields measured at our 
investigation sites were in the same range as the mean German OSR yields; 4.0, 4.5, and 3.9 
Mg ha-1 a-1 in 2013, 2014, and 2015, respectively (German Federal Statistical Office, 2017).  
Mean OSR oil yield over the entire experiment was 2.0 Mg ha-1 a-1 (Table 5.5). It ranged 
between 1.2 and 2.7 Mg ha-1 a-1 and it was not affected by NI application (Table 5.5). 
In a study on the effect of different preceding crops on OSR yield, Hegewald et al. (2016) 
reported only small increases in oil yield (0.04 Mg ha-1 a-1) when N fertilization was increased 
from 120 to 180 kg N ha-1 a-1. As mentioned by Rathke et al. (2006) N fertilization increases 
the crude protein content of rapeseeds at the expense of oil concentration. Since we fertilized 
180 kg N ha-1 a-1 in our experiment, we considerably exceeded the N amount required for 
maximum oil yield and therefore an effect of NI on oil yield could not be expected. 
Consistent with our study Wolf et al. (2014) also found no effect of NI on the yield of digestate 
fertilized maize. In other studies, higher yield was the result of NI application combined with 
an increased N use efficiency (Ladha et al. 2005; Alonso-Ayuso et al. 2016). 
Oil yield-related emission varied between 0.1 and 1.9 kg N2O-N Mg-1 oil ha-1 (Table 5.5). 
With few exceptions, the oil yield-related N2O emissions in the +NI treatments were lower 
than in the -NI treatments. The differences between the N2O emissions from these two 
treatments were statistically significant (p < 0.05) at Merbitz 2013, Dedelow 2014 and 2015. 
In Merbitz this significant effect could be explained with the significant lower N2O emission 
in the -NI treatment whereas the oil yield was the same in both treatments. This was also the 
case for Dedelow 2014 and 2015 although NI at these sites and years did not significantly 
reduce N2O emissions. 
Significant lower yield-scaled N2O emissions as result of NI applications were measured in 
maize and wheat (Gao and Bian 2017). In contrast to our experiment, the significant effects 
reported by Gao and Bian (2017) were the result of increased crop yields. Publications about 
yield-scaled N2O emission from crops fertilized with digestate affected by NI are sparse. 
Studies with mineral fertilization showed a linear increase of yield-scaled N2O emissions with 
increasing N fertilization rate (Lebender et al. 2014; Ruser et al. 2017). 
N2O emission of OSR fertilized with digestate and a nitrification inhibitor  
60 
 
 Conclusion 
Mitigation effect of NI after digestate application was not observed at every site and year. 
However, although not statistically significant in every set, the mean N2O reduction of the 
total data sets was 36 % confirming a high reduction potential in years where environmental 
and management conditions allowed for NI effect. In years where the conditions were not 
favorable for N2O reduction after NI application, NI application did not negatively influence 
OSR yield or oil yield related N2O emission. 
Comparing the NI effect on cumulative N2O emission during the fertilization period (6 
statistically significant data sets) with the effect on an annual base (3 statistically significant 
data sets), it gets obvious, that full annual data sets are needed for a reliable evaluation of the 
effect of measures on N2O emissions from agricultural fields. 
It has been shown, that surface application of NH4+ based fertilizers with NI can result in 
increased ammonia (NH3) emissions (Kim et al. 2012). For a better environmental assessment 
of the effect of NIs, further investigation on trace gas fluxes from fields with NI application 
should therefore also consider NH3 losses. 
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 Effect of DMPP on direct N2O emissions  
 Introduction  
Several studies reported a mitigation of N2O emissions from agricultural soils through 
nitrification inhibitors (NI) (Halvorson et al., 2010; Venterea et al., 2011; Sanz-Cobena et al., 
2012; Wu et al., 2017). In a review from Ruser & Schulz (2015), the meta-analysis from 
Akiyama et al. (2010) was expanded by an actual dataset from 85 to 140. Herewith, the 
reduction potential of approximately 35 % of the N2O emission reported by Akiyama et al. 
(2010) was confirmed. 3,4-Dimethylpyrazole phosphate (DMPP) is known as a highly 
effective NI (Zerulla et al., 2001a; Weiske et al., 2001) with non-toxicological or 
ecotoxicological side effects (Zerulla et al., 2001a; Zerulla et al. 2001b). The mitigation of 
N2O emission by NIs is achieved by inhibiting the first step of nitrification, the oxidation of 
NH3 by the enzyme ammonia monooxygenase (AMO) (Arp & Stein, 2003; Figure 6.1).   
Beside this N2O mitigation effect, NIs can have a positive effect on N use efficiency (NUE), 
thus decrease nitrate losses (Ladha et al., 2005; Ruser & Schulz, 2015; Alonso-Ayuso 
et al., 2016) and increase yield (Pasda et al., 2001). Li et al. (2008) found 6.6 % – 7.5 % 
higher oilseed rape grain yields in plots fertilized with urea + NI compared to plots with urea 
alone. 
 
 
 
Fig. 6.1: Pathway of ammonia (NH3) oxidation in NH3 oxidizing bacteria (AOB), according to Arp & Stein 
(2003; modified). AMO = ammonia monooxygenase; HAO = hydroxylamine oxidoreductase; NIR = nitrite 
reductase; NOR = nitric oxide reductase.   
 
 
In Chapter 5, the effect of the addition of NI to organic fertilizer at all five sites of the research 
project was described. To investigate the effect of NI added to mineral fertilizer in oilseed 
rape production, a further treatment was established in Hohenheim, using 
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the NI 3,4-dimethylpyrazole phosphate (DMPP) to evaluate the hypotheses:  
 
(i) DMPP can significant reduce direct N2O emissions 
(ii) DMPP has a positive effect on OSR grain yield 
 
 
 Materials and Methods 
The study was conducted at the site Ihinger Hof, Hohenheim described in detail in Chapter 3 
and 4. The fertilizer ENTEC®26 (26 % N, 13 % S; NI= DMPP; EuroChem Agro) was used. 
Due to the fertilizer’s sulphur content, no extra sulphur fertilization was applied to this 
treatment which is also in accordance with farmer’s practice at Ihinger Hof. The ENTEC 
treatment was established simultaneously to all other treatments of the entire study (4 
replicates). To evaluate the mitigation effect, the results from the treatment ENTEC were 
compared with those of N4 (Table 6.1). In contrast to the other treatments with mineral N 
fertilization, ENTEC was applied in one single dose. Due to the use of two fertilizer types, 
short-term effects of the different chemical specification could be possible. 
 
Tab. 6.1: N-amount, application dose, nitrification inhibitor and fertilizer type used for the ENTEC 
experiment; abbreviations: DMPP= 3,4-dimethylpyrazole phosphate; ASN= ammonium sulphate nitrate; 
CAN= calcium ammonium nitrate.   
Treatment N amount 
kg N ha-1 dose NI 
N fertilizer 
 Ntotal NH4-N NO3-N 
 % 
ENTEC 180 single DMPP ASN 26 19 7 
N4 180 split none CAN 27 13.5 13.5 
 
 
N2O was measured in the first experimental year from December to September, in the second 
year from OSR seeding date to September, and in the third year, from OSR seeding date until 
December to detect effects over the post-harvest period. Due to a very intensive measuring 
program, it was not possible to investigate treatment effects at later post-harvest periods in 
the first two years (Table 6.2). For trace gas flux determination, the same chamber type 
“Drössler” was used as descripted in Chapter 3 and 4.  
Soil sampling, Nmin analysis, water-filled pore space, bulk density, soil C and N analysis and 
yield as well as the weather records were carried out as described in Chapter 4 and 7. 
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Tab. 6.2: Period and duration of the N2O measurement of the experiment. 
Year measuring period days 
1 11.12.12 - 24.09.13 287 
2 03.09.13 - 16.09.14 371 
3 23.09.14 - 29.12.15 462 
 
Statistical tests for normality and homogeneity of variance were performed graphically for all 
data. Natural log-transformation (Parkin & Robinson, 1993) of N2O and CO2 emissions data 
was carried out prior to the analysis of variance. For the comparison of the cumulative N2O 
emission an ANOVA was performed using the PROC MIXED procedure by SAS 9.4 (SAS 
Institute, 2016). For N2O emissions over time, repeated measures ANOVA was performed 
using the PROC MIXED procedure, with an autoregressive AR(1) covariance structure to 
acknowledge for proximate correlation. The PROC MIXED procedure was used to test yield 
parameters. 
  
 Results and Discussion  
Weather conditions  
The weather within the investigation period was very irregular. The first year was 
characterized by long winter with a closed snow cover until March. The annual precipitation 
was 34 % higher than the long-term mean (Chapter 3, Table 3.3). The precipitation in the 
second year was also higher than the long-term mean. Contrarily, the third year was dry 
particularly during spring and summer. The annual mean temperature was predominately 
higher than the long-term mean for all three experimental years. 
 
N2O fluxes  
Mean N2O fluxes of the first year are shown in Figure 6.2a. Two distinct N2O flux peaks were 
detected; one in N4 and in ENTEC before fertilization. Increased N2O fluxes were measured 
immediately after fertilization in conjunction with precipitation. The highest mean flux in the 
first year was measured with 142 µg N2O-N m-2 h-1 in treatment N4. The low soil moisture 
due the lack of precipitation between mid of June and end of July resulted in low N2O fluxes 
(Figure 6.2a). With precipitation after harvest, the fluxes rose again. 
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Fig. 6.2: Mean N2O flux rates (n=4 ± standard error) and precipitation (a) and mean soil nitrogen and 
ammonium content with WFPS (b) from the treatment N4 and ENTEC in all three years; Mean cumulative 
N2O emissions with standard error from treatment N4 and ENTEC (c); abbreviations: F= fertilization; H= 
harvest; T= tillage. 
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In the second year, the N2O fluxes were low until fertilization and there was only a weak 
direct response to fertilization although soil moisture often exceeded 60 % WFPS, the 
threshold for denitrification (Dobbie et al., 1999; Skiba & Ball, 2002; Batemann & Baggs, 
2005) (Figure 6.2b) and high mineral N concentrations in soil (Figure 6.2b). However, there 
was hardly any precipitation during the fertilization period. Approximately 4 weeks later, the 
N2O fluxes increased strongly after some rainfall events. Also in the second year, the OSR 
harvest enhanced N2O fluxes. The highest N2O flux in the second year was measured in 
treatment ENTEC with 119 µg N2O-N m-2 h-1. 
N2O fluxes in the third year were low over the entire measurement period. There was hardly 
any response to fertilization or rewetting events. The only N2O peak was measured after 
harvest paired with a precipitation (78 µg N2O-N m-2 h-1; N4; Figure 6.2a). From April, the 
WFPS threshold of 60 % was never reached again (Figure 6.2b). 
Increased N2O flux rates after fertilization paired with precipitation events were often 
observed (Akiyama et al., 2000; Fuß et al., 2011; Yamamoto et al., 2017). Smith et al. (1998) 
found a strong relationship between the magnitude of N2O fluxes and the amount and 
distribution of rainfall during fertilization periods. After fertilization and rainfall events, high 
N2O fluxes occur due to the increased availability of nitrate as substrate for N2O production 
from denitrification together with anaerobic conditions (Flessa et al., 1995; MacKenzie et al., 
1997). Many studies reported a threshold value of 60 % WFPS above which N2O emissions 
strongly increased (Dobbie et al., 1999; Skiba & Ball, 2002; Batemann & Baggs, 2005). As 
we never reached this threshold value in the third year, low WFPS is probably the reason for 
the low fluxes measured in the third year given that the amount of nitrate as substrate for N2O 
production was the same in every year.  
After OSR harvest, soil nitrate contents were elevated in all three years (Figure 6.2b). Above 
the threshold of 10 mg nitrate N kg-1 soil, denitrification rates were shown to be independent 
on soil nitrate concentration (Mosier et al., 1983). This value was often reached after harvest 
during the entire investigation period, indicating that soil nitrate was not a limiting factor for 
denitrification. Consequently, C availability along with enhanced microbial activity with the 
related oxygen consumption were responsible for the increased fluxes after harvest. 
Winters were mild in all three years. Therefore, considerable N2O pulses during thawing of 
frozen soil as often observed in other investigations (Flessa et al., 1995; Röver et al., 1998; 
Kaiser & Ruser, 2000; Ruser et al., 2001) could not be expected. 
The statistical model did not find significant effects of the nitrification inhibitor (ENTEC) on 
median daily flux rate in the first and third year (Table 6.3). In the second year, the mean daily 
flux was significantly higher (p = 0.005) in the treatment ENTEC compared to N4. There was 
a strong correlation (p < 0.001) between N2O and CO2 fluxes in all three years.  
A correlation between CO2 and N2O fluxes indicates heterotrophic microbial denitrification 
as a main N2O source during the investigated period. The C availability is a driving factor for 
denitrification (Knowles, 1982; Beauchamp et al., 1989), directly by increasing the energy 
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and electron donator to denitrifiers, and indirectly through enhanced microbial growth thereby 
stimulating high O2 consumption (Garcia-Montiel et al., 2003, Gillam et al., 2008).  
Other tested influencing factors (WFPS; NO3-; NH4+; temperature) for N2O production 
showed no significant influence on daily fluxes (data not shown).  
 
Tab. 6.3: Natural log back-transformed daily and cumulative N2O emissions of the treatments N4 and ENTEC. 
 
Cumulative N2O emissions 
Figure 6.2c shows the mean cumulative N2O emissions in the three experimental years. 
Despite of the shortest measurement period of 287 days, the cumulative emissions were 
highest in the first year with 1.8 kg N ha-1 in the N4 treatment and 1.5 kg N ha-1 in the ENTEC 
treatment. There was a significant mitigation effect (17 %) in the ENTEC treatment (Table 
6.3) in the first year. In the third year the emissions were low with no significant difference 
between the treatments. However, the mean emission for ENTEC was lower. 
This is consistent with several other studies that reported a mitigation effect by the use of NI 
(Akiyama et al., 2010; Pfab et al., 2012; Ruser & Schulz, 2015). In the second year, the N2O 
emissions from the ENTEC treatment were twice as high as the N4 treatment emissions with 
1.4 kg N ha-1. No immediate explanation could be found for that phenomenon. After the re-
checking the entire process, possible errors related to fertilization, measurement, handling of 
samples, calculations, or large differences in soil water contents could be excluded.  
 
OSR oil yield 
In the first year, the OSR yield was 4.06 t ha-1 in the ENTEC treatment and 4.14 t ha-1 in 
treatment N4. This yield was significantly higher when compared to the following two years 
(Table 6.4). There was no effect of NI on yield. The average oil content was 47.6 % without 
differences between the years or treatments. Also, the oil yield was not affected by NI or year. 
The average oil yield was 18.9 hl ha-1.  
The OSR yield from this investigation was within the range given for the average OSR yields 
in Germany (3.90 – 4.48 t ha-1) between 2013 and 2015 (STATISTA, 2017). Li et al. (2008) 
found 8 % higher OSR yields due to the use of the NI DMPP and other studies also reported 
a positive effect of NIs on yield (Pasda et al., 2001; Liu et al., 2013; Martinez et al., 2015). In 
Year N4 ENTEC  Median SE Median SE p value 
ln back transformed daily N2O flux [kg N2O-N]  
1 10.1 0.63 11.3 0.70 0.614 
2 1.6 0.11 4.1 0.31 0.005 
3 2.8 0.06 2.2 0.04 0.384 
ln back transformed cumulative N2O emissions [kg N2O-N] 
1 1.8 0.08 1.5 0.07 0.044 
2 0.7 0.10 1.4 0.20 0.039 
3 0.5 0.08 0.3 0.04 0.065 
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accordance to work published by other authors (Weiske et al., 2001; Arregui & Quemada, 
2008; Ercoli et al., 2013), we could not observe increased yields due to NI in our investigation.  
 
Tab. 6.4: Mean OSR yield, oil content and oil yield of the treatment ENTEC and N4 for all experimental years; 
different letters indicate significant differences between years (PROC MIXED; Tukey-test, p < 0.05). 
Parameter Year ENTEC N4 
Yield 1 4.06 a 4.14 a 
[t ha-1] 2 3.86 b 3.87 b 
 3   3.75 cb   3.00 cb 
Oil content 1 47.4 a 47.4 a 
[%] 2 47.8 a 47.4 a 
 3 47.9 a 47.6 a 
Oil yield 1 19.2 a  19.6 a 
[hl ha-1] 2 18.4 a 18.3 a 
 3 18.0 a 18.9 a 
 
 
 Conclusion  
Hypotheses one could only be confirmed in the first year with highest annual emissions during 
the entire investigation period. Here DMPP significantly reduced the direct N2O emissions. 
NI´s can be an effective tool to mitigate N2O emissions but the degree of utilization of the 
inhibitory potential is depending on site and weather conditions. In this investigation, NI did 
not increase OSR yield, therefore hypothesis two had to be rejected. 
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Abstract 
To investigate the effect of crop residues from winter oilseed rape on N2O emissions a field 
experiment in which crop residues of winter oilseed rape (Brassica napus L., OSR) were 
replaced with 15N labelled OSR residues was conducted at a field experiment in South 
Germany, nearby Stuttgart. Nitrous oxide (N2O) emissions and 15N abundance in the N2O 
were determined for a period of 11 months after harvest of OSR and in the succeeding crop 
winter wheat (Triticum aestivum L.). Measurements were carried out with the closed chamber 
method in a treatment with conventional tillage (CT) and in a treatment with reduced soil 
tillage (RT). High N2O fluxes occurred in a short period after OSR residue replacement after 
harvest and after N-fertilization to winter wheat in the following spring. Cumulative N2O 
emissions over the entire investigation period (299 days) ranged between 1.7 kg and 2.4 kg 
N2O-N ha–1 with no significant treatment effects. 
During the first eight weeks after OSR replacement more than half of the cumulative 
emissions occurred, highlighting the importance of this post-harvest period for annual N2O 
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budgets of OSR. The contribution of residue N to the N2O emission was low and explained 
by the high C/N-ratio fostering immobilization of mineral N. Only 0.03 % of the N2O-N 
emitted in the conventional tillage treatment and 0.06 % in the reduced tillage treatment 
stemmed directly from the crop residues. The low contribution of the OSR residues to the 
direct N2O emissions shows, that the current IPCC tier 1 approach, which assumes an EF of 
1 %, strongly overestimated direct emissions from OSR crop residues. 
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 Incubation study of winter oilseed rape residues  
Results of the following Master Thesis are included in this Chapter: 
“Einfluss von Rapsernterückständen auf umweltrelevante Nährstoffausträge in einem 
Mikrokosmenversuch“, Herr (2015). 
 
 Introduction   
Several studies reported a negative correlation between C/N–ratio and N2O emissions (Kaiser 
et al., 1998; Chen et al., 2013). The incorporation of crop residues with low C/N–ratios often 
cause an increase in N2O emissions (Aulakh et al., 2001; Baggs et al., 2000; Wrage et al., 
2004). Most of these studies utilised crop residues from different plants to investigate the 
effect of low and high C/N–ratios. Depending on plant species, quality traits like polyphenol 
content, lignin content or protein-binding capacity differ and also their influence on N2O 
release. But within a plant species, C/N–ratios can vary, depending on the N fertilization. In 
a microcosm trial, Pfab (2011) investigated the effect of broccoli crop residues with different 
C/N–ratios on N2O emissions from a silty soil. The C/N–values ranged from 8.2 and 17.1 due 
to different N fertilization. Pfab (2011) found no significant differences between the 
treatments for cumulative N2O emissions but a tendency for higher emissions in treatments 
with low C/N crop residues (Figure 8.1). Pfab (2011) explained that with an enhanced 
mineralization and nitrification connected with an increased turnover of organic matter with 
high CO2 production and oxygen depletion, favouring denitrification.  
The level of N fertilization has not just an effect on C/N–ratios of OSR crop residues, also the 
accruing amount of biomass is affected. Velthoff et al. (2002) reported about an enormous 
increase of N2O emissions from soil amended with elevated amounts of crop residues from 
sugar beet. Also Pfab (2011) found significantly increased N2O emissions with increasing 
amounts of crop residues (Figure 8.1). Pfab (2011) explained the high N2O emissions with 
the increased amount of easily available carbon due to the high amount of crop residues. 
Through this, the turnover of organic matter is accelerated with the same effect of favouring 
denitrification as described previously, depending on the C/N–ratios of the residues. For crop 
residues with C/N–ratios above 25, Smith & Smith (2009) reported about a positiv correlation 
between the amount of crop residues and net NO3- immobilization. Such a high 
immobilization can have a mitigation effect on N2O emissions. 
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The amount and quality of crop residues can also influence NO3- leaching. Leaching losses 
are higher with increased amount of crop residues with low C/N–ratios because of enhanced 
mineralization and nitrification in contrast to crop residues with C/N–ratios above 25, which 
can induce NO3- immobilization. Pfab (2011) reported about significant higher NO3 losses 
from treatments with low C/N–ratios whereas an effect of the amount of residue input was 
not detectable (Figure 8.2).   
 
 
Fig. 8.1: Median cumulative N2O-N and CO2-C emissions (N=4) measured in a microcosm system during 24 
days after addition of cauliflower residues (Pfab, 2011). Different superscript letters indicate statistically 
significant differences between groups (Student-Newman-Keuls test, p < 0.05).  
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Fig. 8.2: Results from Pfab (2011); left: Mean nitrate-N content per kg soil in the control and in the treatment 
with low, medium and high amount of the residue input. Right: mean nitrate-N content per kg soil in the control 
and in the treatment with low, medium and high C/N–ratio of applied residues. Different superscript letters 
indicate statistically significant differences between groups (Student-Newman-Keuls Test, p < 0.05).  
 
The aim of the study was to investigate the effect of the amount and quality from OSR crop 
residues on N2O emissions and NO3- losses at the site Ihinger Hof (research station, 
Hohenheim) as complement to Chapter 7. To evaluate these effects, a microcosm system was 
established to determine following hypotheses: 
 
(i) OSR crop residues with low C/N–ratios cause higher N2O emissions  
(ii) N2O emissions increase with increasing amounts of OSR crop residues 
(iii) NO3- leaching increases with increasing OSR crop residue amounts and narrow 
C/N–ratios  
 
 Materials and Methods  
8.2.1 Experimental setup  
Preparation 
Soil was taken from the uppermost horizon (0-30 cm) of the field described in Chapter 3 and 
4, air dried and sieved (5 mm). Plexiglas cylinder (height 30 cm, inner diameter 14.4 cm) 
were packed up to a height of 15 cm with soil compacted to a bulk density of 1.2 g cm-3, 
corresponding to 2.388 g soil for each column. At the bottom of the columns, cellulose acetate 
membrane filters (0.45 μm) were inserted to prevent blockage effects. An opening with an 
airtight tube on the bottom lid allowed to collect percolate of the column. The system was 
drained by a pump (-100 mbar). The columns were sealed airtight by a removal top lid with 
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a screw cap for irrigation. The headspace of the columns was continuously flushed with 
atmospheric air (20 ml min-1) in the microcosm system. The microcosm system was placed 
in a dark climate chamber with constant temperature of 20°C. 
After packing the columns and assembly of the microcosm system, the soil was irrigated for 
ten weeks with 0.025 M CaCl2 (30-60 ml d-1) to rewet the soil and reactivate microbial activity 
as well as to leach surplus NO3--N. CaCl2 solution was chosen to maintain the aggregate 
stability. After reaching the threshold of ≤ 100 mg NO3- L-1 in the percolate irrigation was 
terminated.  
 
Crop residues 
The used OSR crop residues were collected from the N-dosing test at the Ihinger Hof 2014, 
described in Chapter 4. The amount and C/N–ratios of the crop residue are shown in Figure 
8.3. The treatments of this microcosm study were based on these results (Table 8.1). Crop 
residues were dried, ground and mixed into the uppermost 7.5 cm of the soil column. Control 
columns were treated in the same manner but without addition of residues. After the treatment, 
the columns were taken back into the microcosm system and arranged in a randomized 
complete block design.  
 
Gas sampling 
For gas sampling, 22.4 ml vials with a crimp-cap septum (Häberle, Germany) were connected 
with the exhaust hose of the column headspace using a cannula. To avoid overpressure in the 
vials, a second cannula was pricked in the septum which enabled flushing of the vial. 
Furthermore, 4 samples were taken from the incoming air during every sampling event. In the 
first 30 days, gas samples were taken twice a day, afterwards once a day. First measurement 
was done after crop residue incorporation. N2O and CO2 composition were analysed using a 
gas chromatograph equipped with a 63Ni electron capture detector (ECD) (450 Bruker) and 
autosampler (GX-281 Gilson).   
 
Irrigation system  
From the beginning until day 30, irrigation was done manually with a 0.025 CaCl2 solution 
twice a day (morning and evening) and afterwards daily (morning). In the first 17 days, the 
irrigation amount was 15 ml microcosm-1, then 30 ml corresponding to the mean daily 
precipitation of the site Ihinger Hof.  
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Fig. 8.3: Mean quantities of OSR crop residues and mean C/N–ratios affected by N fertilization (n=4, ± SE) 
of the field study 2014, described in Chapter 4 (site Hohenheim). Dots: C/N–ratio; bars: amount of crop 
residues (n=4, ± SE).    
 
 
Soil and percolate analyses 
Soil samples were taken at the beginning and at the end of the study to determine the mineral 
N content. For quantification, 20 g of fresh soil were extracted with 80 ml of a 0.0125 M 
CaCl2 solution. Percolate was collected once a week. For both soil extract and percolate, a 
flow analyzer (3 QuAAtro, SEAL Analytical, UK) was used to measure the concentration of 
nitrate (NO3-) and ammonium (NH4+). Soil moisture was determined gravimetrically after 
drying an aliquot of fresh soil at 105°C for 24 h. The calculation of the water-filled pore space 
(WFPS) was given in detail by Ruser et al. (1998). 
 
 
treatment name C/N-ratio application rate C/N application rate g (microcosm)-1 
1 control control - - 0 
2 low CN low high 54,5 10,6 
3 medium CN high input medium high 85,5 10,6 
4 high CN high high 101,5 10,6 
5 medium CN low input medium low 85,5 5,3 
Tab. 8.1: Characteristics of the established treatments with OSR residue C/N–ratios and applied rate per 
microcosm. 
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8.2.2 Calculation and statistics 
N2O-N and CO2-C fluxes per microcosm were calculated using the following equation: 
Flux rate (m-2 h-1) = 
((𝐶𝐶𝑠𝑠−𝐶𝐶𝑎𝑎) ∙ 𝑘𝑘 ∙ 273.15𝑇𝑇  ∙ 𝐹𝐹
𝐴𝐴
  
cs =  concentration in the sample (ppb)  
ca = concentration in the atmospheric air (ppb) 
k = conversion factor (N2O: 1.25 µg N2O-N µL-1; CO2: 0.536 µg CO2-C µL-1) 
T =  Temperature in the microcosm system (K) 
F =  Flow rate (L h-1) 
A =  microcosm surface (m2) 
 
Due to technical problems, 7 of the 21 microcosms have been eliminated from the evaluation. 
In these columns the soil water contents were too high because of a defective negative 
pressure system.  
Statistical analyses were conducted using R (version 3.1.3, R core, 2015). Natural log-
transformation of the N2O emissions data was carried out prior to the analysis. Variance 
homogeneity of cumulative emissions were tested by a Bartlett-Test. Differences between the 
treatments were tested using a One Way Anova, significant differences were determined using 
Student–Newman–Keuls Test (α = 0.05). 
 
 Results and Discussion 
Directly after the addition of crop residues, the N2O flux rose in the treatment “medium CN 
low input” (Figure 8.4A). The highest flux after initiation of the experiment was measured 
with 187 µg N2O-N m-2 h-1 in the control without crop residues. In the following days the 
fluxes dropped down in all treatments to a low level. Only the control fluxes rose up again 
after day 10. A peak was measured after doubling the irrigation amount at day 17 in all 
treatments except “high CN” and in the control. In this period the highest peak during the 
entire experimental period was detected in the treatment “medium CN low input” with 440 
µg N2O-N m-2 h-1. Except for the control treatment, all treatments dropped down again after 
this peak. From day 30 all treatments had low fluxes with a slight rise in treatment “high CN”. 
There were no significant differences between the treatments for cumulative N2O emission 
(Figure 8.4C). Treatments with crop residues showed a trend to lower emissions compared to 
the control.  
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Fig. 8.4: A, B = Mean daily N2O-N and CO2-C fluxes measured in the microcosm system during 57 days after 
crop residue application effected by C/N- ratio and input mass; C, D = Mean cumulative N2O-N and CO2-C 
emissions (± SE) during the experimental period. Different letters indicate statistically differences (Student-
Newman-Keuls test, p < 0.05). 
 
Corp residue application provides easily available labile carbon and nitrogen as nutrient 
substrates, which in turn can increase the microbial activity in the soil. Resulting rapid oxygen 
consumption by microbes during respiration decreases the redox potential and thus favors 
conditions for denitrification (Flessa & Beese, 1995; Azam et al., 2002; Miller et al., 2008). 
In this incubation experiment, we could not observe such an effect. Although the fluxes rose 
in all treatments, the control without crop residue application had the highest fluxes. It is 
likely that the incorporated crop residues led to a fast NO3- immobilization due to the high 
C/N–values between 55 and 102 (Powlson et al., 2001; Smith & Smith, 2009), whereby it was 
unavailable as substrate for denitrification. Chaves et al. (2007) observed a low share of plant 
available NO3-- N in soil after incorporation of organic materials with high C/N–ratios. 
Kaewpradit et al. (2008) observed a reduction of N2O emissions after incorporation of organic 
materials with high C/N–ratios.  
It is highly probable that also in this incubation experiment N was the limiting factor in 
treatments amended with crop residues. Another reason for the low fluxes could be the low 
soil water content until day 17. The column irrigation was stopped two weeks before crop 
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residue application to ensure a good incorporation. Due to the high O2 partial pressure after 
crop residue application, the conditions for denitrification were unfavourable whereas the 
conditions for nitrification were optimal, with marginal loss of N2O (Arp & Stein, 2003).  
The higher fluxes of the control could be explained by the enhanced microbial activity and 
mineralization in the absence of NO3- immobilization after mixing and compaction at day 0 
(Gregorich et al., 1989). 
The mean CO2 fluxes showed a different time course compared to the N2O fluxes (Figure 
8.4B). The highest peak was measured after 6 days with 182 mg CO2-C m-2 h-1 in treatment 
“low CN”. This treatment emitted the highest fluxes during the entire experimental period. In 
the first 10 days, the lowest fluxes were measured in the control. There was hardly no response 
to doubling irrigation at day 17. From that day onwards, fluxes in the treatments maintained 
a similarly low course and fluctuated from 11 to 65 mg CO2-C m-2 h-1. The cumulative CO2 
emissions are shown in Figure 8.4D. The control and the treatment “medium CN low input” 
had significantly lower emissions compared to treatment “low CN” with 73 mg CO2-C m-2 
57 d-1. The treatments “medium CN high input” as well as “high CN” did not show significant 
difference to the other treatments. CO2 is a product of several dissimilar processes and an 
indicator for microbial activity (Bartling et al., 2009; Sölter & Weber, 2000). The slight delay 
of CO2 fluxes may have been caused inter alia by the initial growth of microbes as well as 
enzyme syntheses (Bartling et al., 2009).   
At the beginning of the experiment, there were no differences in the mineral N contents of the 
columns (Table 8.2). After the experiment, the mineral N contents were lower in all 
treatments. With 1.3 mg N kg-1, the control had significantly higher values than all other 
treatments. There was no effect of C/N–ratio or input amount on mineral N content. The total 
loss of nitrate by percolate ranged between 10.8 and 19.9 mg microcosm-1 and was not 
affected by crop residues. There was no significant difference between the treatments. The 
treatments “medium CN high input” and “high CN” showed a trend to lower losses. 
The reduction of mineral N after 57 days could be an evidence of N immobilization due to 
the high C/N–ratios of the crop residues. In support of this argument, the mineral N content 
of the control was the highest, where no immobilization occurred. Comparable results were 
reported by Goyal et al. (1992) und Garcia-Ruiz & Baggs (2007). For the same reasons the 
control as well as the treatments with low C/N crop residues likely showed a trend to higher 
nitrate content in the percolate. 
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Tab. 8.2: Mean Nmin (± SE) content per kg soil at Day 0 and after the experiment; Nitrate N (NO3--N) leaching 
by percolate (mg microcosm-1). Different letters indicate statistically significant differences (Student-
Newman-Keuls test, p < 0.05). 
 
 
 Conclusion 
It could not be confirmed that the OSR crop residues with low C/N–ratios cause higher N2O 
emissions. There were no significant differences and no trends between the treatments. Also, 
the amount of crop residues did not show any effect on the emissions. The mineral N content 
in soil indicated N immobilization due to the crop residues. This might presumably be the 
main reason for the low N2O fluxes. The general opinion of high N balances due to OSR crop 
residues could not be confirmed in this experiment. In contrast, OSR crop residues could 
temporary inhibit N losses after incorporation. The results of this incubation experiment 
correspond to the results of the field trial in Chapter 7. 
 
 
 
 Soil  Percolate 
Treatment 
Nmin   Percolate NO3--N Day 0         Day 57  
[mg kg-1]  [mg MC-1] 
control 8.9a ± 0.0 1.3a ± 0.0  19.0a ± 6.4 
low CN 8.1a ± 0.1 0.9b ± 0.1  17.5a ± 1.7 
medium CN high input 7.2a ± 0.8 0.9b ± 0.0  10.8a ± 1.6 
high CN 7.9a ± 1.0 1.0b ± 0.0  11.9a ± 2.7 
medium CN low input 9.2a ± 0.6 1.0b ± 0.1  19.9a ± 2.7 
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 Effect of tillage on N2O emissions  
 Introduction 
In comparison to conventional tillage systems (CT) that require a plough, reduced tillage (RT) 
is distinguished by elimination of soil inversion, reduction of soil disturbance by restricting 
mechanical interventions to shallow depths, and conservation and management of crop 
residues (Cunningham et al., 2004). RT practice is popular in Europe because of low crop 
production costs and reduced soil compaction (Holland, 2004). About 10–12 % of arable land 
(16 Mha) in Europe is under reduced tillage systems, including non-inversion tillage, eco-
tillage, minimum tillage, mulch tillage, reduced tillage, zone tillage or no-tillage (Abdalla et 
al., 2013). In this investigation, RT is defined as tillage without soil inversion by the use of a 
chisel plough to 15 cm depth. 
RT can increase C sequestration in the uppermost soil layer (Alvarez, 2005) and reduce soil 
erosion by an increased infiltration (Lampurlanés et al., 2001; Copec et al., 2015) due to 
improved soil pore structure and stability (Oades, 1984). Results of previous studies about 
the impact of RT on N2O emissions were inconsistent. Several studies reported higher N2O 
emissions under RT compared to CT associated with increased rates of denitrification, greater 
bulk density and soil water content (Palma et al., 1997; Goossens et al., 2001; Ball et al., 
2008; D’Haene et al., 2008; Abdalla et al., 2013; Lognoul et al., 2017). Some studies reported 
lower (Gregorich et al., 2006; Chatskikh & Olesen, 2007; Mutegi et al., 2010; Koga, 2013; 
Wang & Dalal, 2015) or similar N2O emissions to CT (Chatskikh et al., 2008; Liu et al., 2006; 
Abdalla et al., 2010; Negassa et al., 2015).  
 
In this experiment, the effect of two different tillage systems on N2O emission and OSR grain 
yield were investigated, with the following hypotheses:  
(i) N2O emissions from reduced tillage system are significantly higher than from a 
ploughed system. 
(ii) OSR grain yield is not affected by tillage practise  
 
 Materials and Methods 
The study was conducted at the site Ihinger Hof, Hohenheim described in Chapter 3. The 
treatment RT was established parallel to all other treatments (4 replicates each). Treatment 
N4, used as the conventional tillage system (Table 9.1), was compared with a RT treatment. 
To simplify, treatment N4 is called in this investigation CT, for conventional tillage (Table 
9.1). N-fertilizer was applied simultaneously to all other treatments of the overall experiment. 
For soil cultivation before sowing, a chisel plough (approx.15 cm) was used for treatment RT 
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and a mouldboard plough (approx. 30 cm) for treatment CT. The investigation periods are 
shown in Table 9.2. 
 
Tab. 9.1: Treatments of the experiment: N-amount, and fertilizer type; abbreviations: RT= reduced tillage; 
CT= conventional tillage; CAN= calcium ammonium nitrate. 
 
 
Tab. 9.2: Period and duration of the N2O measurement of the soil tillage experiment. 
 
 
N2O fluxes were measured in the first year between the initiation of the investigation in 
December to September in the second year, and in the following two years from OSR seeding 
to OSR harvest. Chamber type “Drössler” was used as described in Chapter 4. Soil sampling, 
Nmin analysis, water-filled pore space, bulk density, C and N analysis of the soil and yield as 
well as the weather records were carried out as described in Chapter 4.   
Statistical tests for normality and homogeneity of variance were performed graphically. 
Natural log-transformation (Parkin & Robinson, 1993) of the N2O emissions data was carried 
out prior to the analysis of variance. For the comparison of the cumulative N2O emissions an 
ANOVA was performed using the PROC MIXED procedure using SAS 9.4 (SAS Institute, 
2016). For N2O emissions over time, repeated measures ANOVA was performed using the 
PROC MIXED procedure, with an autoregressive AR(1) covariance structure to acknowledge 
for proximate correlation. Yield parameters were tested by using the PROC MIXED 
procedure. 
 
 Results and Discussion 
Weather conditions 
As described before, the weather within the investigation period was very irregular. The first 
year was characterized by intensive winter with a snow cover until March. The annual 
precipitation was 34 % higher than the long-term mean (Chapter 4, Table 1). In the second 
year, the precipitation was also higher than the long-term mean. In contrast, the third year was 
dry, particularly in spring and summer. The annual mean temperature was predominately 
higher than the long-term mean for all three experimental years.
Treatment N amount kg N ha-1 N fertilizer 
RT 180 CAN 
CT 180 CAN 
Year measuring period days 
1 11.12.12 - 03.09.13 266 
2 01.10.13 - 16.09.14 350 
3 23.09.14 - 06.10.15 378 
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N2O fluxes  
In the first year N2O fluxes increased after fertilization, in conjunction with precipitation 
(Figure 9.1A). In this period, the highest flux of 210 µg N2O-N m-2 h-1 was measured in 
treatment RT. Between mid of June and end of July, the fluxes were low, corresponding to a 
very low soil moisture (Figure 9.1B) due to the lack of precipitation. After a heavy rainfall 
events with 52, 36 and 60 ml d-1, the fluxes rose again concurrently to OSR harvest at the end 
of July. In the second year, the level of N2O fluxes was overall low when compared to the 
first year (Figure 9.1A). There was hardly no response to N-fertilization. Despite high Nmin 
contents, fluxes remained low due to the low precipitation and corresponding well aeration of 
the topsoil (Figure 9.1C). At the end of April, rewetting of dry soil after strong rainfall events 
induced increased N2O fluxes until soil moisture decreased again. After OSR harvest, a small 
N2O emission peak occurred in both treatments. The highest flux with 46 µg N2O-N m-2 h-1 
was measured in treatment CT. N2O fluxes were lowest in the third year, just three peaks were 
detected during the entire period (Figure 9.1A). After February, the WFPS was low most of 
the time (Figure 9.1B). The first two peaks were measured after N-fertilization, the third and 
highest peak with 60 µg N2O-N m-2 h-1 was measured after harvest and rainfall in August.  
Several studies reported increased fluxes after fertilization in conjunction with precipitation 
(Akiyama et al., 2000; Fuß et al., 2011; Yamamoto et al., 2017). After rainfall, high N2O fluxes 
can occur due to the increased availability of nitrate as substrate for N2O production alongside 
anaerobic conditions by high WFPS content in soil (Flessa et al., 1995; MacKenzie et al., 
1997). Above 10 mg nitrate N kg-1 soil, denitrification rates are independent of soil nitrate 
level because of the saturation of the nitrate converting enzymes (Mosier et al., 1983). This 
value was often reached during the investigation period; soil nitrate was therefore not a 
limiting factor for denitrification. Due to mild winters, no considerable N2O pulses during 
thawing of frozen soil were measured, as often observed in other investigations (Flessa et al., 
1995; Röver et al., 1998; Kaiser & Ruser, 2000; Ruser et al., 2001). 
In the first year, the median daily N2O flux was significantly higher in the CT treatment than 
in RT (Table 9.4). There was a significant effect of CO2 emission (Table 9.3). With 13.1 µg 
N2O-N and 7.9 µg N2O-N m-2 h-1, the daily N2O fluxes in the first and second year were 83 % 
and 36 % higher in comparison to the third year, respectively (Table 9.4). The fluxes in the 
second year were equal and considerably lower than in the first year and influenced by NO3 
and CO2. In the third year, despite of the very low fluxes, the daily N2O fluxes were 
significantly higher in the RT treatment than in CT. As in previous years, N2O fluxes 
correlated significantly with CO2 fluxes as an indicator for heterotrophic microbial 
denitrification as the main N2O source.  
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Tab. 9.3: Natural log back transformed daily flux and cumulative N2O emissions of the treatments CT and RT. 
Year CT RT  Median SE Median SE p value 
daily N2O flux [µg N2O-N m-2 h-1] 
1 13.1 0.19 7.9 0.20 0.038 
2 6.6 0.07 6.5 0.07 0.930 
3 2.2 0.07 5.1 0.07 0.001 
cumulative N2O emissions [kg N2O-N] 
1 2.2 0.11 1.7 0.16 0.434 
2 0.8 0.02 0.9 0.02 0.879 
3 0.4 0.17 0.5 0.20 0.653 
  
 
Tab. 9.4: Type 3 test of fixed effects on daily fluxes of all three years; abbreviation: T = tillage. 
 1st Year 2nd Year 3th Year 
Effect Pr > F 
T 0.038 0.930 0.001 
Block 0.025 0.003 0.014 
WFPS 0.970 0.562 0.002 
NO3 0.088 0.041 0.896 
CO2 0.023 <.0001 <.0001 
 
Cumulative N2O emissions 
Mean cumulative N2O emissions are shown in Figure 9.1D. The highest emissions were 
measured in the first year with 2.2 (CT) and 2.0 (RT) kg N ha-1. In the following two years, 
the emissions dropped. There was no tillage effect on cumulative N2O emissions in any of the 
three years (Table 9.4). 
Similar emissions from CT and RT contradict the findings of some investigations (McKenzie 
et al., 1997; Baags et al. 2003), but nevertheless, are in agreement with those of other studies 
(Liu et al., 2006; Negassa et al., 2015). Mahli & Lemke (2007) found in three years of a 4-yr 
rotation cycle no differences between RT and CT tillage in cumulative N2O emissions.  
Higher N2O fluxes under reduced tillage were often observed (e.g. Johnson et al., 2005; 
Venterea et al., 2005), particularly in the first years after changeover from CT to RT (D’Haene 
et al., 2008). Reason for the high emissions was the high water-filled pore space, which 
favoured denitrification. Also in our experiment, the WFPS of RT was generally higher than 
that of CT, also due to the higher bulk density and the resulting lower pore volume (Table 
3.2). Nevertheless, the N2O emissions were not affected by tillage.  
 
OSR oil yield effected by tillage 
OSR yield, oil content and oil yield were not affected by tillage or year (Table 9.5). This 
agrees with results from Paré et al. (2015). They reported from a 12-year study, that soil 
tillage did not affect OSR grain yield during 63 % of the experimental period (7–8 years out 
of 12), whereas yield and oil yield in the RT treatment in the remaining years did not show 
any consistent trend. This was in agreement with results reported from Gruber et al. (2012), 
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who did not find different OSR yield between RT and CT treatment in a 10-year tillage 
experiment. 
 
Tab. 9.5: Mean OSR yield (n=4), oil content and oil yield of the treatment CT and RT of all experimental 
years. There were no significant effect of tillage or year (PROC MIXED; Tukey-test, p < 0.05). 
 
 
Parameter Year CT RT 
Yield 1 4.14 3.78 
[t ha-1] 2 3.87 3.97 
 3 3.90 4.06 
Oil content 1 47.4 47.0 
[%] 2 47.4 47.6 
 3 47.6 47.8 
Oil yield 1 19.6 19.6 
[hl ha-1] 2 18.3 18.9 
 3 18.9 19.4 
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Fig. 9.1: Mean N2O fluxes (n=4 ± SE) and daily precipitation (A); water filled pore-space (B), soil mineral N 
(C) and the cumulative N2O emissions of the treatment conventional tillage (CT) and reduced tillage (RT) of 
all three year; abbreviations: F= fertilization; H= harvest. 
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 Conclusion 
Soil tillage did not affect N2O emissions in this investigation, hypothesis one could not be 
confirmed. A possible reason for that could be the general low precipitation and rainfall 
distribution during the investigation period, particularly in the third year. In the entire 
experiment the fluxes were low in all investigated treatments at the site Hohenheim were 
generally low. Tillage did not affect OSR yield, therefore hypotheses two could be confirmed. 
In consideration of the lower operating costs using a chisel plough (RT) compared to a 
mouldboard plough, reduced tillage could be a better alternative, whereas possible higher 
costs for crop protection have also to be taken into consideration.  
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 General Discussion  
Effect of N fertilization on N2O emissions from OSR 
With this study on N2O emissions from OSR we enlarged the dataset of Walter et al. (2015) 
by 50 %. Following the same methodology, we derived an exponential model relating N2O 
emissions to N fertilization. The model confirmed a strong impact of study sites and years on 
annual N2O fluxes. A nonlinear response of N2O emissions to N fertilization has often been 
reported and explained either with an increased N supply strongly exceeding N demand of 
the crop or with extended periods of increased mineral N supply for N2O production (van 
Groenigen et al., 2010; Hoben et al., 2011; Shcherbak et al., 2014). The global fertilizer 
related emission (FRE) factor derived from the exponential model was 0.6 % (fertilizer 
amount 200 kg N ha-1 a-1). This factor was within the uncertainty range of the EF1 IPCC 
emission factor (0.3 % – 3 %), but about 40 % lower than the IPCC default value and was it 
also lower than the FRE factor calculated by GNOC (Global Nitrous Oxide Calculator, 
Edwards et al., 2013) and by Walter et al. (2015). Two of our five study sites have sandy soil 
texture with low Corg contents. The low water-holding capacity of these sites results in well 
aeration of the soil preventing considerable amounts of N2O released from denitrification. 
Under such conditions, N2O emissions were shown to be generally low (Pelster et al., 2012; 
Jamali et al., 2016). This might have been one reason for the comparably low FRE. Another 
reason for the low FRE might have been the mild winters without distinct frost/thaw cycles 
at all study sites.  
With the new OSR specific emission factor of 0.6 % for the calculation of direct N2O 
emissions from fertilizer N input GHG savings are possible up to 56 %. Herewith the 
stipulated criteria from the Renewable Energy Directive for biofuels can be fulfilled. 
 
Can nitrification inhibitors help to reduce N2O emission from OSR? 
Ruser & Schulz (2015) updated the data set of the meta-analysis from Akiyama et al. (2010) 
with recent results from field studies published between 2010 – 2013. In total, they expanded 
the data from 85 to 140 sets measured on arable fields and grassland with different types of 
fertilizer and nitrification inhibitors (NIs). They reported a mean reduction of N2O emission 
by approx. 35 % and concluded that NIs are a potent mitigation option for nitrous oxide 
emissions. Among the 140 data sets were only 28 annual data sets. The other data sets were 
not based on annual measurements or did not consider the winter period or they were 
determined under dry soil moisture conditions unrepresentative for German climate 
conditions. Therefore, the effect of NIs on winter nitrous oxide fluxes remained unclear. The 
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mitigation option of the nitrification inhibitor (NI) Piadin® combined with the organic 
fertilizer digestate was discussed in detail in Chapter 5. Across regions and years of the 
investigation, N2O emissions were reduced by 36 % due to the use of NI. The reduction is 
corresponding with other studies reporting a reduction between 35 and 92 % (Akiyama et al., 
2010; Menendez et al., 2012; Ruser & Schulz, 2015). However, with regard to annual N2O 
emission data sets this mitigation effect was only three times significant indicating that 
environmental conditions may differently modify the mitigation potential between the single 
experimental years. 
In the fertilization period, the mitigation effect became more obvious. In this period, the mean 
fluxes showed mitigation between 69 and 97 %, six of the 15 data sets were statistically 
significant. Wolf et al. (2014) reported a reduction of 62 % during the weeks after digestate 
fertilization, whereas they did not find any difference between their treatments on an annual 
base. This demonstrates the importance of annual datasets to prevent an overestimation of the 
effect of NIs on N2O emission. 
In Chapter 6 the mitigation potential of the nitrification inhibitor DMPP in combination with 
a mineral fertilizer at the site Hohenheim was discussed in detail. There was a significant 
mitigation effect (17 %) in the first year of the investigation when DMPP was applied together 
with ammonium nitrate sulphate. At the site Hohenheim, water-filled pore space was often 
below 60 %. Many studies reported a threshold value of > 60 % WFPS above which N2O 
emissions strongly increased (Dobbie et al., 1999; Skiba & Ball, 2002; Batemann & Baggs, 
2005). As we seldom reached this threshold value, low WFPS was probably the reason for 
the low fluxes connected with a low reduction potential of the NI.  
In both cases (mineral and organic fertilizers) NIs are a promising tool to mitigate fertilizer 
driven N2O emissions in OSR. However, this effect seems to be strongly depending on site, 
soil and weather conditions. It can therefore be assumed that the mitigation potential of NIs 
may not be fully exploited. 
 
Do OSR crop residues contribute to N2O release after harvest? 
The effect of OSR residues on direct nitrous oxide emissions under field conditions was 
discussed in detail in Chapter 7 and 8. Approximately 0.4 million tons of global N2O-N yr-1 
production are emitted during the turnover of crop residues (Moiser et al., 1998). Several 
studies reported increased N2O emissions after the incorporation of crop residues (Flessa & 
Beese, 1995; Baggs et al., 2000; Millar & Baggs, 2004; Chen et al., 2013). Crop residue 
induced emission are negative correlated with the C/N-ratio of the residues (Kaiser et al., 
1998) and dependent on soil moisture, pH and soil texture (Chen et al., 2013). When 
compared to a control without crop residues, Chen et al. (2013) reported slightly higher N2O 
emissions for treatments with C/N-ratios even between 45 and 100.  
The crop residues in our field investigation had a C/N-ratio of 52, therefore increased nitrous 
oxide fluxes could also be expected. However, no significant difference between crop residue 
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amended and control treatment without crop residues was measured. Only 4.2 % 
(conventional tillage) and 5.2 % (reduced tillage) of the N released as N2O during the 
investigated period came directly from the applied OSR crop residues. Nitrous oxide 
emissions from crop residue N occurred mainly in the first two months before tillage. This 
corresponds with Baggs et al. (2000) who found 65 % of the measured N2O emissions during 
two weeks after the soil amendment with crop residues. This can be interpreted as rapid 
stimulation of microbial decomposition of the crop residues (Shen et al., 1989) related to 
anaerobic conditions resulting from microbial respiration which, together with increased C 
supply, as substrate for denitrification favored higher N2O emissions. Hence, the low 
contribution from crop residues on total N2O emissions in our investigation presumable 
resulted from the large C/N–ratio of the OSR crop residues. This conclusion was supported 
by the results of the microcosm trial in Chapter 8. In this investigation different amounts and 
qualities of OSR crop residues were tested on their effect on nitrous oxide emissions. There 
were no significant differences between the treatments with crop residues and the unamended 
treatments for cumulative N2O emission. It can be assumed that the incorporated OSR crop 
residues led to a fast NO3- immobilization due to the high C/N values between 55 and 102 
(Powlson et al., 2001; Smith & Smith, 2009), thus lowering substrate availability for 
denitrification. Chaves et al. (2007) observed a low share of plant available NO3--N in soil 
after incorporation of organic materials with high C/N–ratios. Kaewpradit et al. (2008) 
observed in this context a reduction of N2O emissions. It is highly probable that also in our 
field and microcosm trials N was the limiting factor in treatments amended with crop residues. 
Consequently, the contribution of crop residues was only of marginal importance for the N2O 
release after OSR harvest. 
The general opinion of high N balances due to OSR crop residues was not confirmed in these 
experiments. 
 
Does tillage affect N2O emission from OSR production? 
The effect of reduced tillage (RT) compared with conventional tillage (CT) on nitrous oxide 
emissions was discussed in detail in Chapter 7 and 9. There was no significant difference 
between the treatments in any of the investigated years. The main reasons for similar 
emissions from both tillage systems were probably the high temporal and spatial variability 
in N2O emission data, which impeding a detection of statistically significant differences 
between the two tillage systems (Kravchenko & Robertson, 2015). Furthermore, Rochette 
(2008) reported that no-tillage systems promote N2O emissions in poorly aerated soils, but 
with no impact in good and medium aerated soils, like the soil in this investigation. Similar 
N2O emissions from RT and CT systems have also been reported by Chatskikh et al. (2008), 
Liu et al. (2006), Abdalla et al. (2010), and by Negassa et al. (2015). 
But results from tillage investigations are contractionary, there are several studies which 
reported higher N2O emissions under RT compared to CT associated with increased rates of 
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denitrification, greater bulk density and soil moisture (Gossens et al., 2001; D’Haene et al., 
2008; Abdalla et al., 2013; Lognoul et al., 2017). However, there are studies who reported 
lower N2O emission from RT systems due to the lower mixing of fertilizer and crop residues 
into the soil (Chatskikh & Olesen 2007; Mutegi et al., 2010; Koga, 2013). 
 
Conclusions 
The study has shown that the common amount of N-fertilizer with 180 kg N ha-1 does 
not result in higher oil yield compared to a fertilization with 120 kg N ha-1. Thus, direct as 
well as indirect N2O emission can be reduced under a lower N-fertilization rate. Overall, N2O 
emission was comparatively low in all treatments and in all years of this investigation. 
However, mitigation strategies could be demonstrated due to the reduction of N-fertilizer and 
nitrification inhibitors. Contrary to the original assumptions, OSR crop residues had no 
promoting effect on the N2O emission. 
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